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ABSTRACT 

Xanthomonas translucens (Xtp) causes dieback disease of pistachio in Australia. 

The bacterium infects the vascular tissues of the trees, causing discolouration of the 

xylem, lesions on the trunk and major limbs, decline and, in some cases, death. 

Although hygiene and application of quaternary ammonium disinfectant to pruning 

wounds have been recommended to limit the spread of the disease, effective control 

methods are lacking. Biological control offers potential in managing this disease. The 

aims of this research were to assess the ability of selected bacteria to antagonise Xtp and 

to evaluate the ability of the synthetic peptide BP100 to suppress growth of Xtp in liquid 

medium.  

Isolate KI of X. translucens (DAR75532), obtained from a commercial pistachio 

orchard in Kyalite (NSW) was used. The potential antagonists comprised one isolate of 

Bacillus subtilis and several bacteria isolated from pistachio wood and stored following 

indications of ability to inhibit Xtp.   

Preliminary screening of the potential antagonists was conducted by means of an 

agar diffusion assay, in sucrose peptone agar (SPA) and nutrient agar (NA). Inhibition 

of growth of DAR75532 varied among bacterial isolates and with the culture medium 

used. Generally, the isolates produced larger inhibition zones on SPA than on NA and 

appeared to be bacteriostatic. When diffusible compounds were extracted from liquid 

cultures through centrifugation and filtration, there was no evidence of antibiotic 

activity. Further experiments demonstrated that two antagonists produced antibacterial 

metabolites in liquid medium. In contrast, culture filtrate of isolate 64161-7 grown in 

nutrient broth supplemented with yeast extract and glucose inhibited DAR75532, and 

filtrate from isolate PC397 grown in the same medium, or in nutrient broth 

supplemented with yeast extract and nutrient broth alone, was inhibitory. However, the 

antibiotic effect of PC397 was lost as the cell free culture filtrate was diluted. 

Competition was also identified as a possible mechanism, as DAR75532 was not 

recovered on SPA when mixed with isolates 64161-17, SUPP, B. subtilis, PC397, 

PC506 or PC507.  

An in vitro assay was developed to evaluate the ability of the potential 

antagonists to reduce colonisation of pistachio wood by DAR75532. The pathogen, 

antagonists 64161L and PC397, or pathogen plus antagonists were vacuum-infiltrated 

into non-autoclaved excised pistachio twigs, before incubating for 10 days. The 
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pathogen and antagonists were recovered from the middle section of the wood, 

following soaking in saline and plating suspensions on SPA and NA supplemented with 

cephalexin, ampicillin and gentomicin (NA+ab). The antagonists were recovered and 

grew well on SPA but not NA+ab, indicating that they survived in pistachio wood. The 

pathogen was recovered on NA+ab and SPA, although indigenous wood-inhibiting 

bacteria also grew on SPA. Only PC397 was recovered from twigs inoculated with 

PC397 plus DAR75532. This suggested that PC397 inhibited colonisation of pistachio 

wood by the pathogen.  

Peptide BP100 was obtained from the University of Girona, Spain. A 

turbidimetric-based system was first used to monitor the effect of BP100 on growth of 

DAR75532 over time. Multiplication of DAR75532 in sucrose peptone broth (SPB) was 

delayed or reduced in the presence of BP100. At low concentration, the peptide was 

bacteriostatic and DAR75532 colonies were subsequently recovered on SPA. Higher 

concentrations were bactericidal. To verify bactericidal activity, suspensions of 

DAR75532 treated with peptide were sampled over time and the colony forming units 

enumerated on SPA and compared with untreated controls. The minimum inhibitory 

(bacteriostatic) or bactericidal concentration of BP100 was influenced by the initial 

concentration of DAR75532 and by incubation time. Peptide at 2.5 µM was sufficient to 

inhibit growth of DAR75532 in SPB when the initial concentration was 106 CFU/ml, 

but a minimum of 5 µM was required to kill the cells. The mortality of DAR75532 three 

hours after treatment was 77.35% when 5 µM of peptide BP100 was applied.  

Preliminary screening had identified isolate 64161-7 as having potential to 

inhibit DAR75532. The isolate was tentatively identified as Pseudomonas tolaasii, P. 

fluorescens or P. putida by the National Collection of Plant Pathogenic Bacteria (UK). 

Although this isolate survived well in excised twigs of pistachio, it did not prevent 

colonisation of the wood by DAR75532. However, PC397, likely to be a Bacillus sp., 

reduced colonisation by DAR75532. The other six potential antagonists remain to be 

tested on pistachio wood. The effect of medium composition, such as sugar content, on 

antibiotic production should also be investigated.  In addition, peptide BP100 offers 

promise as a means of controlling pistachio dieback. The ability of the bacterial isolates 

and the peptide to reduce colonisation of DAR75532 in pistachio trees should be 

assessed in a natural system where the influence of other factors can be evaluated.  
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CHAPTER ONE 

Introduction and review of the literature 

1.1 General introduction 

Xanthomonas translucens (Xtp) is the causal organism of dieback disease of 

pistachio in Australia (Facelli et al., 2002; 2005). The organism was later established as 

Xanthomonas translucens pv. pistaciae pv. nov (Giblot-Ducray et al., 2009). The 

bacterium infects the vascular system of the tree and can be present at low levels 

without expressing symptoms (Scott et al., 2009), and therefore is difficult to control. 

The usual curative and preventive treatments for bacterial disease, which involve 

application of copper biocides, have proved ineffective. The application of quaternary 

ammonium bactericide on pruning wounds was shown to have potential to control the 

spread of Xtp, but has not been registered for this purpose on pistachio in Australia 

(Sedgley et al., 2006; Taylor et al., 2007). An alternative strategy, such as biological 

control, may offer a way of protecting pistachio trees from the disease.  

Although biological control of Xtp in pistachio has not been reported, several 

bacterial strains isolated from infected trees inhibited Xtp in vitro (Facelli E. & Taylor 

C., pers. comm., 2008). These isolates warranted evaluation as biological control agents 

of Xtp.   

As antagonistic ability in vitro does not necessarily reflect efficacy on the host 

plant, evaluation should be expanded to involve the potential antagonists, pathogen and 

host plants (Alabouvette et al., 2006). Isolates shown to have antagonistic potential in 

vitro therefore need to be tested for ability to suppress or eliminate the colonisation of 

wood by Xtp.  

The definition of biological control can be extended to include the use of 

peptides or small proteins extracted from plants or microorganisms in disease control 

(Marcos et al., 2008). The potential of peptides has been well-studied in human health. 

In plant protection, a number of peptides exhibiting antimicrobial activity against plant 

pathogens has been evaluated in vitro (Rajasekaran et al., 2001; Ferre et al., 2006; 

Monroc et al., 2006), and some has also been tested on plant tissues (Badosa et al., 

2007; Muñoz et al., 2007; Badosa et al., 2009). The effect of peptides on the growth of 

the pathogen causing dieback in pistachio remains to be assessed.  
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1.2 Introduction to pistachio 

 Pistachio (Pistacia vera L.) is a member of the family Anacardiaceae. The tree is 

dioecious, meaning that male and female flowers are produced on different trees, and 

both are essential to produce nuts. Trees begin to produce at 4-7 years of age and 

achieve their full bearing when they are between 10-12 years old. They tend to produce 

in alternate years, that is a heavy crop of nuts in one year, followed by an „off‟ year with 

greatly reduced yield.  In spite of their requirement for specific climatic conditions to 

produce good and high yield of nuts, pistachio trees can survive in harsh conditions. 

This is due to their extensive root systems which allow them to „mine‟ the soil deeply 

for water and nutrients (Hendricks & Ferguson, 1995). 

Pistachio is native to western Asia and Asia Minor, and was first introduced to 

Australia in 1935. The first commercial plantings were established in the early 1980s 

and nut production started in the 1990s. Most orchards can be found along the River 

Murray across the borders of New South Wales, Victoria and South Australia (Pistachio 

Growers Association Inc., 2008). Currently, there are about 35 pistachio growers in 

Australia, with about 550 hectares of trees planted. The current capacity is about 1,500 

tonnes of nuts per year, which is about 75% of domestic consumption (Pistachio 

Growers Association Inc., 2008). The production of pistachio in Australia during the 

2008-2009 season was about 1,500 tonnes, a small proportion of the 364,400 tonnes 

produced world-wide (Nut Producers Australia, pers. comm., 2009).  

The most common pistachio cultivar grown in Australia is Sirora (Gilbert, 

2005). This cultivar, released by CSIRO, produces attractive nuts with excellent flavour, 

and requires lower chilling hours for nut production (Robinson, 1998). As pistachios are 

very difficult to grow from cuttings, the trees are usually available as grafted or budded 

trees.  

A number of diseases affect the growth of pistachio trees. Minor diseases 

affecting the leaves and fruits of pistachios, such as panicle and shoot blights, are 

caused by Alternaria spp. and Botryosphaeria spp. (Mila & Michailides, 2006). 

Verticillium wilt, a soil-borne disease, has been considered important in the pistachio 

industry, particularly in California (Epstein et al., 2003). The disease is caused by the 

fungus Verticillium dahliae, which colonises the vascular system. The impact of 

verticillium wilt on pistachio trees can be minimised by using resistant or tolerant 
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rootstocks, such as P. integerimma or UCB1 (P. atlantica x P. integerrima hybrid) 

(Teviotdale, 1995) and, as these are increasingly being used in Australia, the disease is 

not considered as a serious threat to the Australian pistachio industry.  

Bacterial dieback, recently reported in Australia, is a serious disease that affects 

the vascular system of the tree. Some affected orchards have more than 70% of the trees 

showing the disease symptoms and, in one area, the disease caused death of more than 

10% of the trees (Edwards & Taylor, 1998). The pistachio industry in Australia is still 

young, and this disease is considered an impediment to the expansion of the industry 

(Scott et al., 2009). 

1.3 Introduction to the dieback disease 

Pistachio dieback is a bacterial disease. It is a relatively new disease affecting 

the pistachio industry, which has been reported only in Australia. It was first observed 

in 1992 and it started causing economic losses at the onset of commercial pistachio 

production in 1996 (Facelli et al., 2002). Symptoms associated with dieback are decline, 

discolouration of xylem tissue in shoots of 2 or more years old, lesions on trunks and 

major limbs, and excessive oozing of resin from the trunk (Facelli et al., 2002). Growth 

of the tree is stunted and dieback may eventually cause trees to die. To date, there has 

been no report of consistent symptoms on the leaves (Facelli et al., 2005). Symptoms 

have been observed mainly on the cultivars Sirora and Kerman, but not on commonly 

used rootstocks (P. terebinthus, P. atlantica and P. integerrima) (Facelli et al., 2002; 

2005). Similar symptoms have been observed on mature female and male trees. The 

bacterium colonises and blocks the xylem tissue, and may reduce water conductivity 

(Taylor et al., 2005; Sedgley et al., 2006).  

Initial investigation of diseased trees showing dieback symptoms led to the 

isolation of Xanthomonas spp. and a potentially pathogenic fungus, Verticillium 

tricorpus (Edwards & Taylor, 1998). Further work by Facelli et al. (2002; 2005) 

confirmed X. translucens as the likely cause of pistachio dieback. The bacteria were 

found consistently in the internal tissue of twigs sampled from affected trees throughout 

pistachio orchards in Red Cliffs, Robinvale, Renmark, Loxton, Kyalite and Paringa 

(Taylor & Edwards, 2000). The bacteria have not been found consistently on any 

external surfaces of affected trees (Sedgley et al., 2006; Facelli et al., 2009). 
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Through rep-PCR (repetitive extragenic palindromic polymerase chain reaction), 

GC-FAME (gas chromatography of fatty acids methyl esters) and SDS-PAGE (sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis) analyses, two genetically distinct 

groups of X. translucens were identified to be associated with the disease. The groups 

were designated A and B (Marefat et al., 2006a; Marefat et al., 2006b) and were later 

established as X. translucens pv. pistaciae A and B through DNA/DNA hybridisation, 

screening of integrons and gyrB gene phylogeny (Giblot-Ducray et al., 2009). Group A 

strains were isolated from diseased plant material collected from all four regions 

sampled (Kyalite, Renmark, Red Cliffs and Robinvale), whereas group B was only 

found at Robinvale (Scott et al., 2009). So far, the two groups have not been found in 

one tree (Marefat et al., 2006b; Scott et al., 2009).  

The standard method of disease diagnosis is isolating the pathogen from twigs 

showing xylem discolouration. After surface sterilisation, the twigs are soaked in sterile 

distilled water over-night, and the resulting suspensions are streaked on sucrose peptone 

agar (Moffet & Croft, 1983; Facelli et al., 2002; Facelli et al., 2005). The pathogen 

produces characteristic yellow mucoid colonies on this medium. This method usually 

takes several days to complete and does not allow differentiation of the two groups of X. 

translucens. Marefat et al. (2006a) developed a PCR-based technique to improve the 

detection of the pathogen. This technique is more sensitive and quicker in detecting the 

presence of X. translucens in plant materials than the conventional method. It can also 

specifically distinguish groups A and B. The sensitivity of this technique was then 

improved by quantitative PCR (Scott et al., 2009). This gives an advantage especially in 

detecting the pathogen in asymptomatic infected trees, and thus may assist in 

minimising the spread of the pathogen.  

1.4 Management of pistachio dieback  

 Generally, once a tree is infected with a bacterial pathogen, it is very difficult to 

eradicate it.  Plant pathogens can spread from diseased trees to healthy trees by various 

means, such as through rain splash, irrigation water, wind, insects, humans or farm 

tools. In the case of pistachio dieback, X. translucens can be spread through infested 

pruning tools (Sedgley et al., 2006) although the natural means of spread has not been 

determined. It appears to be localised within the tissue present at the time of 

inoculation, with minimal or no lateral spread (Taylor et al., 2005; Sedgley et al., 2006). 

To minimise the spread of the pathogen, it is important to practise strict hygiene 
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measures in orchards affected by the disease. This involves disinfecting pruning tools 

with bactericide. In trees already affected by the disease, severe pruning with 

simultaneous application of quaternary ammonium bactericide (Niproquat®) on the 

pruning wound has been examined as a means to restore the trees to productivity and 

has shown promising outcomes (Sedgley et al., 2006; Taylor et al., 2007; Scott et al., 

2009). The bactericide, however, is not registered for this purpose and the high 

concentrations required would be costly. The application of copper biocides, standard 

antibacterial compounds, at various times after pistachio trees were inoculated with the 

pathogen did not prevent infection. For prevention of the disease, a source of pathogen-

free propagation material has been recommended (Sedgley et al., 2006). However, low 

levels of Xtp were detected in wood from healthy trees planted at one site proposed as a 

repository (Scott et al., 2009). Xtp was not detected in buds collected from infected 

trees, therefore propagating trees through budding might be considered safe provided 

that buds were obtained from healthy trees (Scott et al., 2009).   

Several other studies on the control of pistachio dieback have also been 

conducted. Antibiotics such as rifamycin at 20 and 10 mg/ml, ampicillin at100 and 50 

mg/ml, and streptomycin at 1.0, 0.1 and 0.05 mg/ml, were found to inhibit the growth of 

X. translucens in vitro, and among these three, streptomycin was more effective in 

inhibiting the pathogen (Taylor & Edwards, 2000). The use of antibiotics, however, is 

not permitted in the field situation. Foliar application of phosphorous acid for 2 years 

was noted to reduce the number of new lesions in affected trees but failed to eradicate 

the pathogen from infected trees (Taylor & Edwards, 2000). Continuous application of 

phosphorous acid may also result in the chemical residues in pistachio nuts.   

The research carried out on management of pistachio dieback has focused 

mainly on cultural practices in the orchards and use of certain chemicals. While 

encouraging results have been obtained from these studies, further research is still 

needed. The use of phosphorous acid, for an example, has demonstrated that this 

chemical can be used to control the severity of the disease. It is, however, important to 

test the efficacy of this chemical over several years of application. In addition to this, 

the use of biological control should be explored as part of a comprehensive integrated 

disease management program. A basic study on biological control of pistachio dieback 

should be initiated to investigate the potential of this approach. This information may 

provide the pistachio industry with another option to manage dieback.    
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1.5 Biological control 

In recent years, biological control has received considerable attention, perhaps 

due to the increasing consumer preferences for pesticide-free food, and also because of 

public awareness of the potential cumulative effect of pesticides in the environment. 

Biological control is the control of plant diseases, pests and weeds by other living 

organisms (Trigiano et al., 2004). Biological control of plant diseases usually involves 

interaction between the antagonist, pathogen and host.  

Several mechanisms, classified as competition, antibiosis and exploitation, may 

be involved in biological control (Baker, 1968). Competition in the relationship between 

the antagonists and the pathogen is the common demand by these organisms for an 

available nutrient supply (Shoda, 2000) and, sometimes, it also involves competition for 

space to grow. Antibiosis is the production of substances by one microorganism that 

inhibit or kill another microorganism (Baker, 1968). These substances might comprise 

compounds that are effective against a wide range of microorganisms or compounds 

that are selective. Antibiotics are an example of the first group and bacteriocins belong 

to the second group of compounds (Fravel, 1988; Trigiano et al., 2004). Exploitation is 

parasitism or predation, where the antagonists invade or consume the pathogen (Shoda, 

2000). This mode of action has frequently been documented for fungi of the genus 

Trichoderma, which are antagonistic to a wide range of plant pathogenic fungi and 

bacteria (Okigbo & Ikediugwu, 2000; Ubalua & Oti, 2007). The hyphae of Trichoderma 

grow towards a chemical stimulus produced by pathogens, coil around the hyphae of 

some pathogens and destroy them (Baker, 1968). This mechanism may be useful in 

preventing root diseases or reducing inoculum of sclerotium-forming fungi. 

Several mechanisms usually occur simultaneously. Sometimes, one mechanism 

may be active against one specific type of pathogen and another mechanism against 

another pathogen (Trigiano et al., 2004). The ultimate result is reduction in amount of 

inoculum and spread of the pathogen and in disease severity.  

Research and development of microorganisms as biological control agents has 

been conducted for many decades, but most focus has been on fungi, especially species 

of the genus of Trichoderma. The potential of Trichoderma spp. was first recognised by 

Weindling (1932), when he found the hyphae of T. lignorum destroying those of 

Rhizoctonia solani in dual culture. He also found that T. lignorum parasitised several 
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other pathogenic fungi and fungus-like pathogens such as Phytophthora parasitica, 

Pythium spp., Rhizopus spp. and Sclerotium rolfsii (Weindling, 1932). Since then, 

Trichoderma has been used successfully in the biological control of a number of fungal 

and bacterial plant diseases (e.g. Askew & Laing, 1994; Etebarian et al., 2000; Alfano 

et al., 2007). For example, T. harzianum isolate T39 and T. virens DAR 74290 reduced 

the severity of pink rot caused by Phytophthora erythroseptica (Etebarian et al., 2000) 

and T. hamatum 382 provided protection against soft rot of tomato caused by 

Xanthomonas euvesicatoria by inducing systemic changes in the physiology and disease 

resistance of the plants (Alfano et al., 2007).  

Of 11,000 plant diseases, about 70% are caused by fungi (Agrios, 2005). It has 

been estimated that fungal plant pathogens include species from 120 genera, and other 

causal microorganisms belong to eight genera of bacteria and 30 types of viruses 

(Ferreira et al., 2006). Given the importance of fungal diseases in plants, the use of 

bacteria as biological control agents is much directed towards controlling fungal 

pathogens, particularly soil-borne and foliar pathogens. Bacteria shown to have 

potential as biological control agents are from many genera, including Agrobacterium 

(Li et al., 2009; Wei et al., 2009), Bacillus (Korsten et al., 1997; Jock et al., 2002; El-

Hassan & Gowen, 2006; Lee et al., 2008; Zhang et al., 2008b), Erwinia (Vanneste et 

al., 1992; Kearns & Mahanty, 1998; Wright et al., 2001), Pseudomonas (Loper et al., 

2007; McSpadden Gardener, 2007), Streptomyces (Crawford et al., 1993; Neeno-

Eckwall et al., 2001; Schottel et al., 2001; Errakhi et al., 2007; Bressan & Figueiredo, 

2008) and Xanthomonas (Kobayashi et al., 1995; Moss et al., 2007). Many of these 

have been evaluated in vitro, some were applied effectively in field trials and a number 

of them have been developed commercially. Of the six genera of bacteria listed above, 

Bacillus and Pseudomonas are the most appealing candidates to be evaluated further as 

biological control agents for dieback disease in pistachio. Both bacteria have been 

reported as endophytes (Lodewyckx et al., 2002), therefore, are able to grow in the 

vascular tissue of plants, and these genera represent the different types of bacteria; 

Bacillus being Gram-positive and Pseudomonas Gram-negative. 

1.5.1 Use of Bacillus spp. in biological control 

Among the Bacillus spp. well-researched in control of fungal and bacterial 

diseases are B. amyloliquefaciens, B. cereus, B.  megaterium, B. pumilus and B. subtilis 

(Jock et al., 2002; Wulff et al., 2002a; Yu et al., 2002). B. amyloliquefaciens, B. 
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pumilus and B. subtilis showed antagonistic activity against Xanthomonas campestris 

pv. campestris, the causal pathogen of black rot in cabbage (Wulff et al. 2002a). When 

cabbage plants grown from seeds inoculated with the antagonists were examined 20 

days after germination, the three Bacillus species evaluated were found to have 

colonised cabbage seedlings with different efficacy.  B. pumilus showed the best 

endophytic ability, with isolates BF3 and 60 recovered from all the plant parts sampled 

(roots, stem, cotyledon and true leaf) and the second was B. subtilis, with isolates 77 

and 7D re-isolated mainly from roots and less frequently from the stem sections. B. 

amyloliquefaciens showed the least endophytic ability to colonise the cabbage 

seedlings. The three Bacillus spp. reduced the incidence of black rot in the seedlings, 

but the efficacy of the isolates was also affected by the weather and soil conditions 

(Wulff et al., 2002b).   

Most studies on Bacillus spp. have focused mainly on their antagonistic activity 

through production of secondary metabolites such as antibiotics, volatile organic 

compounds, antifungal, antiviral, insecticidal and immunosuppressant agents. Some of 

these metabolites suppress the growth of plant pathogens. Different species of Bacillus 

produce many types of antibiotics. B. subtilis, for example, produces fengycins, iturin 

A, lipopeptides, subtilin, subtilosin and surfactins (Nagórska et al., 2007). B. 

amyloliquefaciens, very closely related to B. subtilis, was found to produce an 

antifungal compound, iturin A, which inhibits the growth of Rhizoctonia solani in vitro 

(Yu et al., 2002). Several strains of B. subtilis were also reported to inhibit the growth 

of Xanthomonas oryzae, the causal agent of bacterial blight of rice in vitro by secreting 

antimicrobial peptides (Lin et al., 2001; Wu et al., 2009). The gene encoding a peptide 

extracted from B. subtilis strain SO113 was successfully cloned into and expressed in 

another B. subtilis strain, suggesting the possibility of using genetic engineering of 

disease resistance in rice through transgene expression (Lin et al., 2001).  

As well as producing antibiotics, B. subtilis is known to produce siderophores 

(Marten et al., 2000). Siderophores act as iron chelators thus making iron, a compound 

important for metabolism, unavailable to other microorganisms (Lemanceau et al., 

2009), and this would subsequently retard the growth of pathogenic bacteria. Production 

of siderophores is an example of competition in the antagonist-pathogen relationship 

(Lemanceau et al., 2009). The ability of Bacillus spp. to colonise plants endophytically 

and exclude pathogens is also classified under this mechanism (Ryan et al., 2008).  
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The ability of Bacillus species to colonise the internal tissues of plants, to 

produce metabolites to suppress plant pathogens and to inhibit pathogenic 

Xanthomonas, suggests that members of the genus may have potential in the biological 

control of pistachio dieback. 

1.5.2 Use of Pseudomonas spp. in biological control 

Pseudomonas spp., Gram-negative and rod-shaped bacteria, have been 

documented to suppress a variety of soil-borne bacterial plant pathogens (Mercado-

Blanco & Bakker, 2007; Trivedi et al. 2008). One of the best studied species is 

Pseudomonas fluorescens, which has been reported to prevent the rotting of potato 

tubers caused by Erwinia carotovora (Burr et al., 1978; Cronin et al., 1997) and to 

suppress bacterial blight of rice (X. oryzae) in field experiments (Velusamy et al., 

2006).  

Many strains of Pseudomonas have been isolated from soils microcosms, but 

some have also been found as endophytes, living in the stem tissue of plants. P. 

fluorescens is the major antagonistic endophytic bacterium isolated from eggplants 

(Ramesh et al., 2009) and P. putida, originally isolated from healthy cotton plants, 

suppressed the disease expression of Fusarium wilt of cotton (Chen et al., 1995). In 

terms of woody trees, Pseudomonas spp. were isolated from the stems of lemon 

(Gardner et al., 1982) and coffee (Vega et al., 2005). Pseudomonas spp., mostly P. 

corrugata, were also isolated from the xylem sap of grapevines (Bell et al., 1995). The 

endophytic Pseudomonas isolated from the host plants often do not incite disease 

(Mercado-Blanco & Bakker, 2007). The above authors evaluated these isolates as 

biological control agents and have found that they were effective in suppressing the 

growth of pathogen. However, Pseudomonas so far has not been evaluated for ability to 

control diseases caused by Xanthomonas spp..  

Production of antibiotics, enzymes and siderophores has been associated with 

the ability of Pseudomonas spp. to suppress plant pathogens and disease. An antibiotic, 

2,4-diacetylphloroglucinol (DAPG), produced by P.  fluorescens strain F113 inhibited 

the growth of E. carotovora subsp. atroseptica on wounded potato (Cronin et al., 1997) 

and also Pseudomonas sp. strain EB67 inhibited Ralstonia solanacearum in vitro 

(Ramesh et al., 2009). As well as DAPG, a different strain of P. fluorescens also 

produced the antibiotic pyrrolnitrin which suppressed the growth of fungal pathogens 
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Thielaviopsis basicola, Alternaria sp. and Verticillium dahliae, but was less effective on 

Pythium ultimum and F. oxysporum when evaluated in vitro (Howell & Stipanovic, 

1979).  Pyrrolnitrin is also produced by P. cepacia, which inhibited Rhizoctonia solani 

and V. dahliae in vitro, but not the bacterial pathogens E. carotovora, P. solanacearum, 

X. campestris pv. oryzae, Agrobacterium tumefaciens and Corynebacterium 

michiganense (Homma et al., 1989). Other antibiotics produced by Pseudomonas spp. 

are phenazine carboxylic acid (Gurusiddaiah et al., 1986) and pyoluteorin (De La Funte 

et al., 2004). Most antibiotics from the Pseudomonas spp. were extracted from the 

bacteria, purified and evaluated in vitro on the plant pathogens. 

P. fluorescens strain A506 is known to produce antibiotic(s) in culture media. 

However, in an environment with limited availability of iron such as on the surfaces of 

pear and apple flowers, P. fluorescens A506 suppressed E. amylovora by producing 

siderophores and competed for the available nutrients (Temple et al., 2004). 

Siderophores produced by P. fluorescens WCS417 and P. putida WCS358 were found 

to trigger systemic resistance of grapevine to Botrytis cinerea (Verhagen et al., 2010). 

Another mode of antagonism exhibited by Pseudomonas is production of volatile 

metabolites. P. corrugata inhibited the growth of A. alternata and F. oxysporum, as 

well as bacterial wilt pathogens of many plant species, in vitro on tryptone yeast extract 

agar, by production of ammonia, a volatile metabolite (Trivedi et al., 2008).  

As Pseudomonas spp. can colonise the internal tissue of woody plants and 

suppressed bacterial diseases, species of this genus may also have potential in biological 

control of pistachio dieback. 

1.5.3 Commercial bacterial biological control agents  

Several bacteria have been successfully developed into commercial 

formulations. To illustrate the need to find suitable formulations for control of pistachio 

dieback, the following is focused on commercial biological control of bacterial diseases, 

such as fire blight of pome fruit. 

Pseudomonas syringae strains ESC10 and ESC11, originally isolated from apple 

trees, were developed commercially as Bio-Save 10LP® and Bio-Save 11LP®, 

respectively, to prevent postharvest diseases of citrus, pome and stone fruits and 

potatoes (Stockwell & Stack, 2007). BlightBan®, developed from P. fluorescens strain 
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A506, is a registered biopesticide for suppression of fire blight caused by E. amylovora 

in apple and pear trees (Johnson & Stockwell, 1998). The strain was most effective in 

suppressing E. amylovora when applied 72 hours before inoculating apple flowers with 

the pathogen (Wilson & Lindow, 1993). As this particular strain of P. fluorescens did 

not exhibit antibiosis against E. amylovora in vitro, the primary mode of antagonism 

was believed to be competitive exclusion. When compared separately, P. fluorescens 

multiplied at the same rate in inoculated pistils, but when co-inoculated with the 

pathogen, P. fluorescens was unable to compete for the limited nutrients available, and 

therefore could not prevent the pathogen from colonising the blossom. When inoculated 

72 hours before the pathogen, P. fluorescens suppressed the population of E. amylovora 

to 103 cells/ml, a concentration which was unlikely to initiate infection in the floral 

tissues of the tree. P. fluorescens A506 in BlightBan® is formulated as lyophilised cells 

and requires low temperature for storage (Johnson & Stockwell, 1998).  

In terms of formulation, Bacillus spp. offer many advantages over Gram-

negative bacteria. The resistance of Bacillus endospores to heat and desiccation allows 

them to be easily formulated and stored (Emmert & Handelsman, 1999). Some 

examples of commercial formulations based on B. subtilis are Serenade®, Rhapsody®, 

FZB24®, and Biopro® (Brannen & Kenney, 1997; Paulitz & Bélanger, 2001; Broggini et 

al., 2005).  Most products are intended to suppress fungal diseases but Serenade® and 

Biopro® have been registered for fire blight, caused by Erwinia amylovora (Broggini et 

al., 2005).  The direct application of Biopro® containing 2 x 106 spores of  B.
 
subtilis /ml 

on apples flowers during blooming stage, resulted in colonisation of the pistils by the 

biological control agent (B. subtilis) (Broggini et al., 2005). Colonisation of the open 

flower by B. subtilis following application of Biopro® to flowers that were closed or at 

the bud stage (termed secondary colonisation) was influenced by environmental 

conditions at the time of application. Foraging honeybees were reported to assist in the 

secondary colonisation of blossoms by the biological control agents (Maccagnani et al., 

2009). At low temperature, the exposure time of the opened flowers to the disseminators 

was short, therefore reducing the population size of B. subtilis on the blossoms and 

affecting the colonisation of the flowers by the biological control agent.  

The above articles document the success of biological control agents in 

commercial formulations, evaluated in field conditions. The effect of these commercial 

bacterial-based products on Xanthomonas spp., however, has not been tested.   
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1.5.4 Application of biological control agents into the plant system  

  For systemic plant diseases such as dieback and wilts of woody species, a 

technique to introduce the biological control agents into the vascular system of the plant 

is considered important. The antagonists need to survive well and grow to suppress or 

reduce the population of the pathogen. Various methods have been studied, among 

those documented were spraying (Scherm et al., 2007), injection (Chen et al., 1995), 

direct inoculation to the wounded surface of plant (Cronin et al. 1997), or adding the 

inoculum suspension into the soil (Berg et al., 2001; Paulitz & Bélanger, 2001; Stewart, 

2001). Introducing the antagonists to the plant via the root system would be difficult. 

Before the antagonists can colonise the roots of the plants effectively, they need to 

compete with indigenous microflora for nutrients and should be able to tolerate the 

physical and chemical conditions of the soil environment (Albareda et al., 2006). This 

technique has been successfully applied in control of some soil-borne diseases, such as 

Verticillium wilts (Uppal et al., 2008; Giotis et al., 2009) and Fusarium wilts (Israel et 

al., 2005; Zhang et al., 2008a), but seldom to other vascular plant diseases involving 

above-ground plant parts, such as dieback of woody plants caused by Eutypa lata 

(Ferreira et al., 1991).  

Direct inoculation of biological control agents onto the surface of plant tissue 

has been frequently used to evaluate the efficacy of antagonists in suppressing the 

growth of pathogens of woody plants (Munkvold & Marois, 1993; Chapuis et al., 1998; 

Schmidt et al., 2001a; John et al., 2005). Most such techniques involve introducing the 

biological control agents to the plant tissue before challenge with pathogen. Biological 

control agents evaluated were either introduced microorganisms (John et al., 2004; John 

et al., 2005; Schubert et al., 2008) or those originally isolated from the host plant 

(Ferreira et al., 1991; Munkvold & Marois, 1993; Chapuis et al., 1998). The effect of 

the antagonists on the plant pathogens was evaluated by sampling and cutting the 

inoculated wood into small discs, and assessing the growth of both antagonist and 

pathogen on specific culture media.  The percentage of wood samples colonised by 

antagonist or pathogen was obtained by visual identification of the fungal or bacterial 

colonies growing from the wood discs. This method may be sufficient to measure the 

relative effect of antagonist and the controls, but is not adequate to compare the 

population of antagonist or pathogen after treatments.   
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The application of biological control agents described above generally was 

associated with treatments to pruning wounds. In commercial pistachio orchards, 

pruning is conducted, usually in winter, to manage the distribution of vegetative growth 

on the tree, making the tree accessible for mechanical harvesting and pest management 

(Spann et al., 2008a). Through pruning also, Xtp can be spread if the tools are 

contaminated with the pathogen (Sedgley et al., 2006). Therefore, an approach of 

combining the application of biological control agents to healthy trees (as described 

above) and the existing pruning programme might be appropriate.  

From the initial site of inoculation, the biological control agents may remain 

localised at the point of inoculation, or spread internally throughout the plant (Andreote 

et al., 2009). Their survival and establishment in the plant system then would depend on 

the genotype of the host plant (Reiter et al., 2003; Fritschi et al., 2007), growth 

temperature (Whipps et al., 2008) and the presence and interaction with the plant 

pathogen (Araújo et al., 2002). Biological control agents that can colonise the plant 

tissue may be able to provide effective control of the dieback pathogen.  

1.5.5 Use of antimicrobial peptides in biological control 

Besides the siderophores, bacteria produce two important categories of 

antimicrobials; the antibiotics and bacteriocins (Holtsmark et al., 2008). Antibiotics 

have been used in the management of plant diseases since the 1950s (McManus et al., 

2002). They can be effective, but are expensive, and resistance to the antibiotic may 

occur in plants. The other major obstacle to using antibiotics to control plant disease is 

that this is not permitted in Australia or most European countries because of the risk of 

transfer of antibiotic resistance genes into human pathogens. In contrast, bacteriocins 

are not likely to confer antibiotic resistance or affect human health and may, therefore, 

represent a good option. Bacteriocins also would have low negative impact on the 

environment and be selective for certain bacteria (Badosa et al., 2007).  

Bacteriocins are usually biochemically characterised by their structures and 

mechanisms of actions and are classified into four distinct classes (Klaenhammer, 

1993).  Bacteriocins in Class I and Class II result in the destabilisation of the membrane, 

pore formation and inhibition of cell wall synthesis of microorganisms including plant 

pathogenic bacteria, whereas those in Class III lyse bacterial cells (Holtsmark et al., 

2008). Through these mechanisms, bacteriocins affect the growth of microorganisms. 
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Class IV bacteriocins are more complex and carry essential lipids and the cyclic 

peptides (Klaenhammer, 1993).   

Antimicrobial peptides (AMPs) are produced by animals, insects, plants and a 

wide range of microorganisms such as bacteria, and usually have long amino acid 

sequences. The AMPs obtained from living organisms, especially the peptaibols and 

lipidic cyclopeptides, are very difficult to exploit in plant disease control due to the 

small amount present and also due to their considerable phytotoxicity (Montesinos, 

2007). Therefore, alternative AMPs, have been designed, based on reports of natural 

AMPs active against plant pathogens, and produced by synthetic or biotechnological 

methods. These synthetic AMPs are less toxic analogues, composed of shorter amino 

acids sequences, and are more stable in the normal environment than naturally occurring 

AMPs (Marcos et al., 2008). 

Synthetic AMP, D4E1, inhibited the growth of the fungal pathogens 

Thielaviopsis basicola, V. dahliae, F. moniliforme, and the fungus-like Phytophthora 

cinnamomi and P. parasitica (Rajasekaran et al., 2001). Peptides PAF26, PAF38, 

PAF40 and BM0 were able to protect oranges from the post-harvest disease green 

mould caused by Penicillium digitatum (Muñoz et al., 2007).  Fifteen linear 

undecapeptides were highly active to inhibit the survival of F. oxysporum microconidia, 

and among them, BP21 and BP34 were sporocidal against Penicillium expansum, the 

causal agent of rot in apples (Badosa et al., 2009). Synthetic peptides were also 

documented to suppress growth of bacteria. As well as fungal pathogens, D4E1 also 

inhibited growth of P. syringae pv. tabaci and X. campestris pv. malvacearum 

(Rajasekaran et al., 2001). Ferre et al. (2006) evaluated peptide Pep3 and eleven others, 

derived from Pep3, to suppress growth of E. amylovora, P. syringae pv. syringae and X. 

vesicatoria pv. vesicatoria.  BP09, BP10, BP18, BP19 and BP76 at 2 µM completely 

inhibited the growth of X. vesicatoria in vitro, and BP76 was highly bactericidal against 

the pathogen after 90 minutes of exposure at a concentration of 5 µM. “Bactericidal” 

indicates that the peptide killed the pathogen cells and, hence the effect of the 

compound is longer lasting. If the inhibitory effect occurs only when the compound is 

present, it is defined as “bacteriostatic” (Montesinos & Bardají, 2008). Based on peptide 

BP76, Badosa et al. (2007) designed and synthesised another 125 peptides, and 

evaluated these peptides against the same group of bacterial pathogens used by Ferre et 

al. (2006). X. vesicatoria was more sensitive to all the peptides tested than were the 

other two bacteria. Peptide BP100 was the best among five peptides evaluated in vivo 
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against E. amylovora at 100 and 200 µM. This peptide reduced disease incidence by 

63% in detached apple flowers and 74% in pear flowers. However, the evaluation of 

peptides by these authors did not address the effect of peptides on different inoculum 

concentration of the pathogens, nor their effect on different pathogen isolates. Also, the 

efficacy of peptides to inhibit growth of plant pathogens in living trees has not been 

evaluated.  

The role of AMPs in suppressing the growth of bacterial plant pathogens 

highlighted above is useful as a base to study the efficacy of peptides against X. 

translucens in vitro. 

1.6 Summary and project aims 

Effective methods for control of dieback, a bacterial disease affecting pistachio 

in Australia, are lacking. The success in biological control of plant pathogens and 

diseases documented above indicates the potential of this approach as a tool in 

managing pistachio dieback. Although most biological control agents used in 

suppressing the growth of plant pathogens are fungi, there is also evidence of bacteria 

used to control bacterial plant diseases. Bacteria belonging to the genera Bacillus and 

Pseudomonas might have potential for further testing as both are well-studied and have 

been reported to suppress bacterial pathogens. Furthermore, the ability of both bacteria 

to grow as endophytes may allow them to reduce the colonisation of plant tissues by 

pathogens.  

An understanding of the mechanisms involved in the biological control of 

disease is important. The main mechanism usually associated with Bacillus and 

Pseudomonas is production of antimicrobial metabolites with antibiotic properties. The 

ability of antagonists to exert antimicrobial effects on or in host plants needs to be 

established. The method of application of antagonists to protect healthy trees from 

infection also needs to be investigated to identify practical methods for implementation.  

Advanced technologies have allowed peptides and small proteins to be extracted 

from microorganisms or plants for use in controlling disease. Even though peptides 

have not been used in the field, the potential of synthetic peptides to suppress growth of 

plant pathogens has been demonstrated in vitro. Thus, the potential of synthetic peptide 

to control Xtp merits further investigation.  
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The overall aim of this study was to investigate the potential of bacteria in the 

biological control of pistachio dieback. The objectives were to 

1. Assess the ability of eight bacteria isolated from pistachio wood to suppress growth 

of Xtp in vitro. 

2. Investigate the potential of bacterial antagonists to reduce the colonisation of 

pistachio wood by Xtp. 

3. Assess the ability of peptide BP100 to inhibit the growth of Xtp in vitro. 
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CHAPTER TWO 

General materials and methods 

2.1 Potential antagonists and pathogen 

Eight isolates of bacteria were screened for their ability to inhibit growth of Xtp 

in vitro. Bacillus subtilis was included in this study since the species has been well-

studied and reported to inhibit several Gram-negative plant pathogenic bacteria in vitro 

(Jock et al., 2002; Hammami et al., 2009). The B. subtilis isolate used in the 

experiments reported here was obtained from the teaching unit, School of Agriculture, 

Food and Wine, University of Adelaide. Seven other isolates, not previously identified, 

were tested also, namely 64161-7, 71164-16, SUPP, CBP, PC506, PC507 and PC397. 

These had been isolated by Evelina Facelli and Cathy Taylor from pistachio trees and 

stored following indications that they may antagonise X. translucens. All isolates were 

grown in sucrose peptone broth (SPB) (Facelli et al., 2002) supplemented with glycerol 

and stored at -80oC.  

The pathogen used in all the experiments was X. translucens from Group A 

(isolate DAR75532) (Giblot-Ducray et al., 2009), which was isolated from a diseased 

pistachio tree in Kyalite, New South Wales (Facelli et al., 2005).  The isolate was also 

grown in SPB supplemented with glycerol and stored at -80oC. 

2.2 Revival of potential antagonists and pathogen 

At the beginning of every experiment, pathogen and antagonists were retrieved 

from -80oC and transferred to sucrose peptone agar (SPA). Cultures were incubated at 

28oC in the dark for 72 hours before use. Suspensions of DAR75532 for use in all 

experiments were prepared by transferring two loopsfull from the resulting colonies to 

tubes containing 10 ml SDW or, in some experiments, SPB was used instead of SDW. 

The tubes were shaken gently to ensure that the bacteria were well distributed in the 

suspension. The number of colony forming units (CFU) in 1 ml of DAR75532 

suspension was determined with the aid of haemocytometer, and the suspension was 

adjusted to 106 CFU/ml by serial dilution. Aliquots of 100 µl were spread on SPA and 

incubated at 28oC in the dark. From 48 hours of incubation up to another 14 days, the 
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plates were assessed to confirm that the suspensions contained viable cells of 

DAR75532. 

The concentration of the antagonists was not determined. However, two 

loopsfull of antagonist were taken from a 72-hour old culture and diluted ten-fold in 

SDW, for use in the screening. 

2.3 Culture media 

Two types of media were used throughout the experiments; sucrose peptone agar 

(SPA) and nutrient agar (NA) (See Appendix 1). SPA was selected as this medium was 

reported as suitable for growing X. translucens (Facelli et al., 2002) and NA is a general 

medium for growing bacteria (Trigiano et al., 2004). Approximately 20 ml of media 

were dispensed into each Petri dish of 90 mm diameter.   

2.4 Agar diffusion technique 

A method adapted from Parente et al. (1995) was used in the preliminary 

screening of the potential antagonists. One hundred µl of DAR75532 suspension were 

spread on SPA and NA plates and left to dry in the laminar flow cabinet for about an 

hour. When the surface of the agar had dried, one well with 6 mm diameter was 

punched aseptically in the centre of each plate. Then, the wells were filled with 20 µl of 

the antagonist suspension. The plates were left at room temperature for 1 to 2 hours to 

allow the suspension to diffuse into the medium, before incubating at 28oC in the dark. 

This method was also used to evaluate the inhibitory effect of metabolites of the 

potential antagonists on the growth of DAR75532.    

2.5 Measurement of inhibition zone 

Where growth of DAR75532 was inhibited by antagonists, the inhibition zone 

was measured 48 hours after the introduction of the antagonists in the well. Four 

measurements from the edge of the well to the edge of the inhibition zone were taken 

perpendicular to each other. The four measurements were averaged to give a final 

measurement of the inhibition zone (Yilmaz et al., 2006) (see Figure 2.1). 
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2.6 Statistical Analysis 

Where appropriate, experiments were arranged in a Randomised Complete 

Block Design (RCBD). Data obtained from the experiments were analysed using 

GENSTAT for windows, 10th edition (Lawes Agricultural Trust, Rothamsted, England).     
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Figure 2.1: The degree of antibacterial activity of the antagonists was assessed by the 

radius of inhibition zone on the medium. Four measurements (a, b, c and d) were taken 

perpendicular to each other, from the outer edge of the well to the edge of the clear 

zone. The four measurements were averaged to give a final measurement of inhibition 

zone.   
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CHAPTER THREE 

Preliminary study of antagonism and characterisation of potential 

antagonists 

3.1 Introduction 

One approach in developing biological control for a plant disease is to isolate 

microorganisms and screen isolates for potential to suppress the growth of pathogen. 

The preliminary screening is often done in vitro and a standard assay needs to be 

developed to assess the antagonistic ability of the selected microorganism.  There are 

several well-established protocols for screening potential bacterial antagonists, but these 

are mostly used in screening for activity against fungal pathogens. A popular assay 

involves the dual culture technique, which usually involves the use of mycelium plugs 

of the appropriate fungal pathogen, placed in the middle of a plate containing a culture 

medium mixed with the antagonist(s) being tested (Leelasuphakul et al., 2008). Other 

techniques involve placing the mycelium plug at the edge of the plate and spreading an 

aliquot of known concentration of antagonist at the other side of the plate (Basha & 

Ulaganathan, 2002; Rajkumar et al., 2005). The antagonistic ability of the bacterial 

isolates is then determined by measuring the inhibition zones produced on the medium.   

The agar diffusion assay is also frequently used in screening the potential of 

bacteria to antagonise bacterial pathogens. Here, the susceptibility of the pathogen is 

detected by challenging it with suspension of the antagonist that is placed in a well in an 

agar plate that has been seeded with a lawn of pathogen bacteria. As described above, 

the antagonistic ability of the bacteria is determined by the inhibition zones produced. 

The advantage of this assay is that it is easy to use and reliable in quantifying the 

antimicrobial activity of the antagonists (Parente et al., 1995). The extent of the 

inhibition zones produced on the plates is relatively easy to measure.  

Once a microorganism has been shown to inhibit growth of one particular 

pathogen, the mechanism contributing to the suppression of the pathogen‟s growth may 

be determined. The modes of antagonism usually documented are antibiosis, parasitism 

and competition (Baker, 1968) as described in section 1.5. Antibiosis through 

production of volatile and diffusible metabolites, and competition for nutrients were 

investigated in the experiments reported in this chapter. The inverted plate technique 
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(Singh et al., 2005) was used to examine the production of volatile metabolites active 

against DAR75532 whereas the diffusible metabolites were examined by the agar 

diffusion assay (Parente et al., 1995). This was later extended by examining the 

production of antibiotics in broth culture. Competition for nutrients between the 

antagonists and DAR75532 was studied by growing both bacteria in the same liquid 

medium for a period of time (Cronin et al., 1997). The aims of the experiments were to 

screen potential antagonists for ability to inhibit the growth of DAR75532 and to study 

the mechanisms that might be involved. Preliminary characterisation of the antagonists 

is also reported.  

3.2 Materials and Methods 

3.2.1 In vitro screening 

DAR75532 was prepared in SDW or SPB as described in section 2.2. In this 

preliminary experiment, various concentrations of DAR75532 were examined. At a 

concentration of 104 CFU/ml, DAR75532 did not grow uniformly on SPA. In contrast, 

the growth resulting from suspensions of 107 and 106 CFU/ml was consistent on both 

SPA and NA. The 106 CFU/ml concentration was selected for use in subsequent 

experiments.  

The screening was conducted following a method adapted from Parente et al. 

(1995) as described in section 2.4. Each antagonist was tested separately by pipetting 20 

µl of the diluted suspensions into the wells in NA and SPA and plates were incubated at 

28oC in the dark. The inhibition zone produced on the agar was measured 48 hours later. 

Each antagonist and medium combination was replicated five times.  Controls were 

composed of SDW in the wells, instead of the antagonist suspensions. After the 

measurements were recorded, to determine if the effect was bactericidal or 

bacteriostatic, the surface of SPA in the inhibition zones was scraped with an 

inoculating loop and streaked on fresh SPA. The plates were then incubated at 28oC in 

the dark and growth of DAR75532 was assessed daily from 48 hours up to 14 days.     

3.2.2 Volatile metabolite assay 

The ability of the potential antagonists to produce volatile metabolites inhibiting 

the growth of DAR75532 was investigated through an inverted plate assay (Singh et al., 
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2005). A suspension of DAR75532 containing 106 CFU/ml was prepared as in section 

2.2. One hundred µl of the suspension were spread on either SPA or NA. One hundred 

µl of antagonist suspension containing approximately 106 CFU/ml were also spread, 

separately, on SPA or NA plates. About half an hour later, plates with DAR75532 were 

inverted over the bases of plates containing antagonists, in a laminar flow cabinet. The 

plates were sealed with masking tape to prevent leakage of possible volatile metabolites 

produced by the antagonists. Plates were then incubated in the dark at 28oC and 

inspected daily for growth of DAR75532.  Positive controls consisted of plates with 

DAR75532 culture inverted over plates spread with SDW and negative controls were 

plates spread with SDW inverted over plates containing antagonists. All treatments 

were replicated four times.   

3.2.3 Antibiotic activity assay 

All the selected antagonists were tested for antibiotic activity of cell-free culture 

filtrate (CFCF) against DAR75532 on both NA and SPA. To ensure that the volume of 

medium used did not have any effect on the results of the experiment, each Petri dish 

was filled with 20 ml of culture medium. 

3.2.3.1 Preparation of cell-free culture filtrate  

Antibiotic production by the antagonists was assessed using a method described 

by Mari et al. (1996). The antagonists were first retrieved from -80oC and suspensions 

in nutrient broth prepared as described in section 2.2. The tubes were then placed on a 

shaker at 150 rpm at 28oC. After 24 hours, the bacterial cells were pelleted by 

centrifugation at 10,000 g for 20 minutes and the supernatants were then filtered 

through 0.45 µm Millipore MF membrane filters (Millex-HA) to yield CFCF. These 

CFCF were used immediately in the experiments described below.  

3.2.3.2 Inhibition of DAR75532 by CFCF 

An agar well diffusion assay similar to that described in section 2.4 and a paper 

disc technique (Charoensopharat et al., 2008) were used to examine antibiotic activity 

of the antagonists. In the agar diffusion technique, 20 µl of CFCF from each antagonist 

separately, were administered to the wells and allowed to diffuse into the agar for 1 to 2 

hours before the plates were incubated in the dark at 28oC. In the paper disc technique, 
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paper discs (Whatman No 1 filter paper) with diameter of 6 mm were autoclaved at 

120oC for 20 minutes before use. The paper discs were impregnated with 20 µl of CFCF 

before placing one in the centre of each plate. Negative controls consisted of 10 µl 

SDW in the well or on the paper disc. Antagonist suspensions without centrifugation 

and filtration served as positive controls. All treatments were replicated five times and 

incubated in the dark, at 28oC. The inhibition zones of DAR75532 on the agar were 

recorded daily from 48 hours until 14 days. 

3.2.3.3 Production of diffusible metabolites by B. subtilis 

Results of the in vitro screening experiment suggested that the antagonists 

produced diffusible metabolites into the medium. However, the results obtained with the 

CFCF indicated otherwise, prompting experiments to determine optimal conditions for 

metabolite production. The strain of B. subtilis was selected because this species is 

known to produce antibiotics inhibitory to growth of various plant pathogens (Asaka & 

Shoda, 1996; Leelasuphakul et al., 2006). The incubation time, centrifugation speed and 

time, and volume of CFCF were modified to assess the effect of such changes on the 

ability of CFCF to affect growth of DAR75532.  The first experiment involved 24, 48 

and 72 hour incubation times for B. subtilis to produce the metabolites. The second 

experiment consisted of two centrifugation speeds and times for removing the bacterial 

cells; 10,000 g for 20 minutes (Mari et al., 1996) and 3,000 g for 10 minutes (Wulff et 

al., 2002a). In the third experiment, three different amounts of CFCF were used in the 

agar diffusion assay; 20, 30 and 40 µl. In the second and third experiments, the 

incubation time of B. subtilis was 48 hours. The agar well diffusion technique as 

described in section 2.4 was used to detect the effect of the metabolites produced by B. 

subtilis against DAR75532. Negative and positive controls were SDW and B. subtilis 

suspensions in the well, respectively. Only SPA was used, as the diffusible metabolites 

were observed to be active on SPA (section 3.1.1). All experiments were replicated four 

times. The inhibition zones produced on the agar were recorded 48 hours after 

treatment. 

3.2.3.4 Production of diffusible metabolites by B. subtilis and isolate 64161-7 

Unexpected results obtained from the above experiment prompted another 

attempt to modify the technique to assess antibiotic production of the antagonists. A 

method employed by Zhang et al. (2008b) was used to examine the effect of diffusible 
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metabolites produced by B. subtilis and isolate 64161-7 on the growth of DAR75532. 

Isolate 64161-7 was used in this experiment as it inhibited growth of DAR75532 in 

vitro. Ten ml of SPB containing 106 CFU/ml of DAR75532 were added to 400 ml of 

melted SPA cooled down to about 50oC. Twenty ml of the medium was poured into 

each plate and left for an hour to solidify. CFCF of both B. subtilis and isolate 64161-7 

were prepared as in section 3.2.3.1 except that the centrifugation speed and time used 

were 1,000 g for 20 minutes. The agar diffusion assay was used to determine the effect 

of metabolites produced by administrating 40 µl of CFCF into each well. Supernatant of 

bacterial cultures after centrifugation but without filtration was also used as one of the 

treatments.  The positive controls consisted of B. subtilis or suspension of isolate 64161-

7 and the negative control was SDW. Each treatment was replicated three times and the 

inhibition zones were recorded 48 hours after treatment.   

3.2.3.5 Assessment of antibiosis in broth culture 

The techniques described above were believed to be insufficiently sensitive to 

detect the presence of diffusible metabolites. As such, a different technique, suggested 

by Professor Giora Kritzman (The Volcani Center, Israel) was used. Due to time 

constraints, only two antagonists could be tested in this experiment. Isolates PC397 and 

64161L were selected based on their ability to inhibit DAR75532 in vitro as reported in 

section 3.3.1. Isolate 64161L was derived from isolate 64161-7 and was screened 

separately against DAR75532 (see section 3.2.5.4).  

Isolates PC397 and 64161L were first retrieved from -80oC and grown on SPA 

for 72 hours. The media used were nutrient broth (NB, Oxoid Ltd., England), nutrient 

broth supplemented with 0.5% yeast extract (NB+YE) and nutrient broth supplemented 

with 0.5% yeast extract and 0.5% glucose (NB+YE+G). A volume of 150 ml of each 

medium was dispensed into each 250 ml Erlenmeyer flask and each flask was 

inoculated with two loopsfull of the appropriate antagonist. The flasks were then placed 

on an orbital shaker at 27oC for 7 days. After incubation, the antagonist suspensions 

were centrifuged at 7,500 rpm for 20 minutes using a Sorval® RC-5B centrifuge (Du 

Pont Instruments, Australia). The supernatants were filtered through 0.22 µm filters to 

yield CFCF. 

Each CFCF was then added separately to the same fresh, sterile medium, in 50 

ml Erlenmeyer flask. Ten ml CFCF were added to 10 ml of medium, and this became 
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dilution 1:1. From this suspension, 10 ml were diluted again in 10 ml of the same 

medium producing 1:2 diluted CFCF, and this process was repeated to give 1:4 diluted 

CFCF.  A suspension of DAR75532 was prepared as described in section 2.2 except 

that sterile 0.085% sodium chloride solution (sterile saline) was used for dilution. One 

hundred µl of DAR75532 suspension was pipetted into each flask containing the CFCF 

of 64161L and PC397 at dilutions 1:1, 1:2 and 1:4, and every dilutions were replicated 

three times. The flasks were then incubated at 27oC for 4 days. Antibiotic activity was 

considered to have occurred when the suspension remained clear, whereas a turbid 

suspension indicated growth of DAR75532 and therefore, no antibiotic activity.  After 5 

days of incubation, 100 µl of aliquots from clear suspensions were spread evenly on 

SPA and NA supplemented with cephalexin, ampicillin and gentomicin (NA+ab, see 

Appendix 1). NA+ab was developed by Ms Tu Anh Vu Thanh (pers. comm.., 2009) as a 

semi-selective medium for isolating Xtp from wood buried in soil. These plates were 

then incubated in the dark at 28oC from 48 hours up to 14 days, and the growth of 

DAR75532 recorded.   

3.2.4 Competition assay 

Besides the production of antibacterial metabolites, competition between 

DAR75532 and the antagonists may occur. Each antagonist was tested for its ability to 

compete with DAR75532 separately.  

The method of Cronin et al. (1997) was used in this experiment. DAR75532 at 

106 CFU/ml was prepared and diluted in SPB as described in section 2.2. Similarly, 

suspensions of all eight potential antagonists, each at concentration of 106 CFU/ml, 

were prepared separately. Equivalent volumes (3 ml) of DAR75532 suspension and 

suspensions of each antagonist were mixed in sterile tubes. The combinations of 

DAR75532 with each bacterial antagonist were replicated four times, and controls 

comprised either DAR75532 in SPB or antagonist in SPB. The mixtures were then 

shaken gently to ensure that DAR75532 and the antagonist cells were evenly 

distributed. The mixtures were incubated at 28oC with continuous shaking at 

approximately 80 rpm for 48 hours. Then, 100 µl of each suspension were spread 

evenly on SPA and incubated at 28oC. Only SPA was used in this experiment as 

DAR75532 colonies can be easily distinguished on this medium. Plates were inspected 

daily and growth of DAR75532 was determined by distinguishing the colonies 

produced on combination plates and control plates visually. 
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3.2.5 Characterisation of the antagonists 

The bacterial isolates characterised in the experiments described here were first 

retrieved from -80oC and transferred to SPA. Then, they were incubated at 28oC in the 

dark for 72 hours before being streaked for single colonies on NA for microscopic 

examination and characterisation. 

3.2.5.1 Gram stain  

A method described by Burke (1921) was used to determine the Gram stain 

reaction of each bacterial isolate. A loopfull of bacterial growth was picked from a 24 

hour-old colony grown on NA, and smeared on a clean glass slide. Then, the slide was 

passed through flame to fix the bacteria. A drop of crystal violet was applied for one 

minute before rinsing with water, then Gram‟s iodine was added for one minute before 

washing the slide with water again. The smear was decolourised with Gram‟s alcohol 

and counterstained with saffranin for about 30 seconds. The slide was washed with 

water, blotted dry and examined at x1000 with oil immersion using a compound 

microscope (Leitz Wetzlar, Germany). Gram-positive bacteria appeared purple or bluish 

purple and Gram-negative bacteria were pink or red. B. subtilis and DAR75532, Gram-

positive and Gram-negative bacteria, respectively, were used as the standards.       

3.2.5.2 KOH test 

A method used by Gregersen (1978) was employed in this test. A loopfull of growth 

was picked from a 24 hour-old colony of each bacterial isolate and emulsified 

separately in 10 µl of 3% KOH on a glass slide. The suspension of bacteria and KOH 

was then stirred with the inoculating loop for 5 to 10 seconds, then the loop was raised 

gently to determine if the liquid was slimy and a fine „string‟ followed the loop. A 

viscous, stringy suspension indicates a Gram-negative bacterium, whereas a watery 

suspension indicates a Gram-positive bacterium.  

3.2.5.3 Growth of bacterial isolates on crystal violet agar (CVA)  

Colonies from 72 hour-old cultures grown on SPA were transferred to NA agar 

containing 10 µg/ml crystal violet (CVA) (Barer et al., 1992). The plates were again 

incubated in the dark at 28oC for another 48 hours. DAR75532 and B. subtilis cultures 
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grown on CVA were used as the standard for the Gram-negative and Gram-positive 

bacteria, respectively. Gram-negative bacteria grow well on CVA while Gram-positive 

bacteria do not (Elliott & Des Jardin, 1999). 

3.2.5.4 Identification of bacterial isolate 64161-7 

 Based upon the in vitro preliminary screening results, isolate 64161-7 was 

determined to inhibit growth of DAR75532.  This isolate, however, was observed to 

produce two colony types when grown on SPA, indicating that contamination had 

occurred and may have affected the results during the preliminary screening. These two 

types were then separated by streaking for single colonies, and evaluated as single 

isolates or in combination against DAR75532 using the agar well diffusion technique 

(as described in section 2.4) with four replicates per treatment.  

 The isolates, referred as 64161D and 64161L were prepared on NA, incubated at 

28oC for 48 hours to check growth and submitted to the National Collection of Plant 

Pathogenic Bacteria (NCPPB), Food and Environment Research Agency, UK for 

identification. At the NCPPB, these two isolates were analysed by Fatty Acid Profiling 

and compared with commercially available TSBA6.0 and NCPPB3 libraries.  

3.3 Results 

3.3.1 In vitro screening  

All eight bacterial isolates tested inhibited the growth of DAR75532. The degree 

of inhibition however, varied among the isolates and medium used (Figure 3.1). 

Generally, SPA stimulated greater antibacterial activity than NA, although isolates CBP 

and 71164-16 did not inhibit DAR75532 on SPA, whereas B. subtilis did not inhibit the 

growth on NA. Antagonists were considered to be efficient when they produced mean 

inhibition zones of 1 cm radius or more, and they were considered to be moderate when 

the inhibition zones produced were less than 1 cm radius. On SPA, isolates 64161-7 and 

PC397 efficiently inhibited growth of DAR75532, with mean radius of 1.18 and 1.12 

cm, respectively. The ability of PC397 to inhibit growth of DAR75532, however, was 

variable among the replicate plates (Figure 3.1). The other isolates tested moderately 

inhibited DAR75532 on SPA, with inhibition zones of 0.92, 0.89 and 0.63 cm, 

respectively (Figures 3.1 and 3.2a). On NA, all isolates except B. subtilis moderately 
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inhibited DAR75532 (Figures 3.1 and 3.2b). Two-way analysis of variance indicated 

that the inhibition zones among the bacterial isolates and the media were significantly 

different at P<0.05. On SPA, isolate 64161-7 caused a significantly larger inhibition 

zone than did isolates CBP, B. subtilis, PC507, SUPP and 71164-16. On NA, the 

inhibition zone produced by 64161-7 was significantly larger than those produced by B. 

subtilis, PC397, PC507, SUPP and 71164-16.   

When the surface of the agar in the inhibition zone on SPA plates with isolates 

64161-7, PC397, SUPP, B. subtilis, PC507 and PC506 was scraped with a loop and 

streaked onto fresh SPA, growth of DAR75532 was evident but the colonies took 5 days 

to appear compared with 2 days when transferred from pure cultures. The effect of these 

isolates on NA was not examined.  

3.3.2 Effect of volatile metabolites 

 On treatment plates, growth of DAR75532 was equivalent to the positive 

controls. There was no indication of any decline in growth of DAR75532, suggesting 

that there was no production of inhibitory volatile metabolites by the antagonists.  

3.3.3 Inhibition of DAR75532 by CFCF 

 The growth of DAR75532 was not inhibited by the CFCF produced by the 

antagonists using either the agar well diffusion assay or the filter paper disc technique. 

Subsequent attempts to modify the agar well diffusion assay to detect antibiotic 

production by B. subtilis also failed to produce inhibition zones on SPA. Likewise, 

when different volumes of supernatant of B. subtilis (section 3.2.3.3) were evaluated 

there was no inhibition zone in the DAR75532 culture on SPA. In the experiment where 

DAR75532 was added into the agar before it solidified (section 3.2.3.4), CFCF of both 

B. subtilis and isolate 64161-7 also failed to inhibit the growth of DAR75532.  

3.3.3.1 Assessment of antibiosis in broth culture 

 The effect of CFCF from isolates 64161L and PC397 on growth of DAR75532 

in liquid medium is summarised in Table 3.1. When DAR75532 was inoculated into 

CFCF of isolate 64161L diluted 1:1 in fresh medium, only the suspension in NB+YE+G 

remained clear. Also in NB+YE+G, cultures of DAR75532 treated with CFCF of this  
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Figure 3.1: Radius of inhibition zones in the growth of DAR75532 in the presence of 
eight bacterial isolates when evaluated on SPA and NA using the agar diffusion 
technique. Each value is the mean of five replicate plates. Error bars represent 95% 
confidence intervals about the mean. 
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  64161-7                     SUPP 

   CBP                            B. subtilis 

   PC507                         PC506 

  PC397                         71164-16 

Figure 3.2: Inhibition zones, shown as „clear‟ zones, produced by the potential 
antagonists on representative plates in the agar well diffusion assay. One hundred µl of 
DAR75532 containing 106 CFU/ml bacterial cells were spread first on SPA before a 6 
mm diameter well was punched in the centre of each plate and filled with 20 µl of the 
antagonist. The inhibition zone was measured after 48 hours to 14 days incubation in 
the dark at 28oC.  

(a) Inhibition zones on SPA. 
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  64161-7                   SUPP 

   CBP                       B. subtilis 

  PC507                     PC506 

   PC397                  71164-16 

(b) Inhibition zones on NA.  
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isolate remained clear at all three dilutions tested. The effect of CFCF from 64161L on 

DAR75532 in the three media is illustrated in Figures 3.3 and 3.4. When 100 µl aliquots 

of clear suspensions were spread onto fresh SPA or NA+ab, DAR75532 failed to grow. 

 When CFCF of isolate PC397 diluted 1:1 in fresh broth was inoculated with 

DAR75532, suspensions in the three media remained clear (Table 3.1; Figure 3.5). In 

NB+YE+G, the suspensions in CFCF diluted 1:2 in fresh broth also remained clear. 

DAR75532 also failed to grow from aliquots transferred from the clear suspensions.   

3.3.4 Competition assay 

   Plates spread with aliquots of antagonists 64161L, SUPP, B. subtilis, PC506, 

PC507 and PC397 combined with DAR75532, were observed to be covered with 

confluent growth or individual colonies of the antagonists. No colonies of DAR75532 

colonies were visible on these plates. DAR75532 colonies, however, were observed on 

plates spread with dual cultures of DAR75532 and antagonists CBP or 71164-16.      

3.3.5 Characterisation of the antagonists 

 Results of the Gram stain and KOH test are summarised in Table 3.2. Cells of B. 

subtilis, as the standard for Gram-positive bacteria, were bluish purple in the Gram stain 

and gave a watery reaction with KOH. DAR75532, as the standard for Gram-negative 

bacteria, produced a pink colour in the Gram stain and the cell suspension became slimy 

and viscous when the KOH test was conducted. In comparison with these standards, 

isolates SUPP, PC397, PC506 and PC507 were identified as Gram-positive and CBP, 

64161L and 71164-16 as Gram-negative bacteria.  

The growth of bacteria on CVA is illustrated in Figure 3.9. DAR75532 grew 

well on CVA, whereas B. subtilis grew poorly. Isolates CBP, 64161L and 71164-16 

grew well on CVA, indicating that these three isolates are Gram-negative, whereas 

SUPP, PC397, PC506 and PC507 grew poorly or failed to grow, indicating that they are 

Gram-positive.  

The bacterial isolates were rod-shaped and the measurements are in Table 3.2. 

When isolate PC397 was examined at 14 days of incubation at 28oC, endospores was 

observed forming from the cells.  
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3.3.5.1 Identification of isolates 64161D and 64161L 

When screened using the agar well diffusion assay, isolate 64161D produced a 

mean inhibition zone of 1.37 cm radius, isolate 64161L a zone of 1.62 mm radius and 

1.48 mm radius when the two isolates were combined. There was no significant 

difference between the inhibition zones produced by these isolates or the combination 

of both at P<0.05.  

Results provided by the NCPPB indicated that isolate 64161D is likely to be 

Cedecea sp., an Enterobacteriaceae. Isolate 64161L was identified as a Pseudomonas 

sp., with closest match to P. tolaasii, P. fluorescens and P. putida. 

3.4 Discussion 

In vitro antagonism tests are normally used as a first step to identify bacterial 

isolates that have potential to contribute to the suppression of growth of pathogenic 

bacteria. Here, the screening was first conducted through an agar diffusion assay in 

which the metabolites produced by the antagonists diffused into the solid medium, 

leading to inhibition of growth of DAR75532 and formation of clear zones. The radius 

of the inhibition zones produced by the bacterial antagonists varied among isolates. This 

suggested that the different isolates evaluated in this study could produce different 

inhibitory compounds. Similar findings were reported for bacterial isolates inhibitory to 

Clavibacter michiganensis, the cause of bacterial ring rot of potato (Gamard & De Boer, 

1995). Although the amount or concentration of metabolites produced by antagonists 

may also affect the radius of inhibition zones (Bonev et al., 2008), in the present study, 

when the effect of different volumes of B. subtilis on the growth of DAR75532 was 

evaluated, there was no difference in the radius of inhibition zones, indicating that the 

amount or concentration of metabolite produced by the antagonist was unlikely to 

influence the outcome.  

There was also variation in the size of inhibition zones produced on the two 

media tested, with zones generally larger on SPA than on NA. This result suggested that 

differences in nutrients can affect the antibacterial performance of the antagonists. 

Numerous studies have demonstrated that antagonistic effects in vitro are medium-

dependent. For instance, the antagonistic activity of three strains of P. fluorescens and 

two strains of Enterobacter spp. on the fungus Gibberella pulicaris was more effective 

in trypticase soy broth agar (TSA) than in a semi-defined complete liquid medium 
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(Schisler et al., 2000). Also, inhibition of the fungus Drechslera teres by Pseudomonas 

spp. in vitro was stronger when evaluated on TSA and King‟s B agar than on a mineral 

medium agar (Borowicz & Omer, 2000).  

Some of the antagonists evaluated in the present study had no obvious effect on 

the growth of DAR75532 on one of the two media tested. B. subtilis, for instance, 

inhibited DAR75532 only on SPA, but not on NA. Nutrients such as K2HPO4, 

MgSO47H2O, peptone and sucrose, present at a concentration of 0.05, 0.025, 0.5 and 

2%, respectively, in SPA may affect the production of inhibitory compounds by B. 

subtilis. K2HPO4 and MgSO47H2O increased the antagonistic activity of B. subtilis 

strain 14B against Agrobacterium tumefaciens when these nutrients were added to Luria 

Bertani medium (Hammami et al., 2009). Similar nutrients, plus peptone and yeast 

extract, in the growing medium were reported to optimise the production of bacteriocin, 

a secondary metabolite of B. licheniformis (Anthony et al., 2009). Likewise, bacteriocin 

was produced at a high level when B. cereus was grown in peptone broth (Bizani & 

Brandelli, 2004). The influence of medium composition on antibacterial or antifungal 

activity was also reported for other antibiotic-producing microorganisms, such as 

Streptomyces species and Erwinia herbicola. The greatest production of antibiotic by S. 

lavendulae was in medium supplemented with glycerol and potassium (Mellouli et al., 

2004), whereas production of the antibiotic herbicolin A by E. herbicola was better in 

glucose-supplemented medium than with other carbon sources (Greiner & Winkelmann, 

1991). 

When tested following the agar well diffusion assay, the effect of all of the 

antagonists against DAR75532 was bacteriostatic. Indeed, when removed from the 

antagonist, growth of DAR75532 was restored when transferred to fresh SPA. 

Furthermore, the bacteriostatic (or bactericidal) effect of the antagonists on DAR75532 

did not seem to be related to the size of inhibition zones caused by the antagonists. 

These effects appear to depend on the sensitivity or the threshold of the target 

organisms to the metabolites produced by the antagonists (Cronin et al., 1997; Bonev et 

al., 2008). The recovery of DAR75532, following exposure to 64161-7, SUPP, B. 

subtilis, PC397, PC506 and PC507, however was slow, suggesting that injured 

DAR75532 cells required some time to repair and multiply (Rice & Bayles, 2008).  
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Isolates Dilution NB NB+YE NB+YE+G 

64161L 

1:1 + + - 

1:2 + + - 

1:4 + + - 

PC397 

1:1 - - - 

1:2 + + - 

1:4 + + + 
 

Table 3.1: The effect of CFCF obtained from isolates 64161L and PC397, diluted in 
fresh medium, on growth of DAR75532 in broth culture (NB = nutrient broth, NB+YE 
= nutrient broth supplemented with 0.5% yeast extract, and NB+YE+G = nutrient broth 
supplemented with 0.5% yeast extract and 0.5% glucose), incubated at 27oC for 4 days. 
+ indicates that the suspension became turbid when DAR75532 was incubated with the 
CFCF, while - indicates that the suspension remained clear.  
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.                  

Figure 3.3: Effect of CFCF obtained from isolate 64161L on growth of DAR75532 in 
broth culture (from left, nutrient broth plus 0.5% yeast extract and glucose, nutrient 
broth plus 0.5% yeast extract, nutrient broth alone). The CFCF was diluted 1:1 with 
fresh medium before inoculation with DAR75532.  Only the suspension on the left 
remained clear.  

                

Figure 3.4: Effect of CFCF obtained from isolate 64161L on growth of DAR75532 in 
nutrient broth plus 0.5% yeast extract and glucose when diluted 1:1, 1:2 and 1:4 in fresh 
medium (from left to right). All suspensions remained clear. 

 

NB+YE+G NB+YE NB 

1:1 1:2 1:4 
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Figure 3.5: Effect of CFCF obtained from isolate PC397 on growth of DAR75532 in 
broth culture (from left, nutrient broth plus 0.5% yeast extract and glucose, nutrient 
broth plus 0.5% yeast extract, nutrient broth alone). The CFCF was diluted 1:1 with 
fresh medium before inoculation with DAR75532. All suspensions remained clear. 

                           

                 

NB+YE+G NB+YE NB 
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Bacterial isolates Gram stain smear KOH test Measurements (µm) 

B. subtilis Bluish purple Watery 1.2 x 3.7  

DAR75532 Pink Stringy 0.4 x 1.5  

64161L Pink Stringy 0.4 x 1.3  

71164-16 Pink Stringy 0.4 x 1.1  

SUPP Bluish purple Watery 1.3 x 4.0  

CBP Pink Stringy 0.3 x 0.7  

PC397 Bluish purple Watery 0.8 x 2.7  

PC506 Bluish purple Watery 0.8 x 2.4  

PC507 Bluish purple Watery 0.5 x 1.5  
 

Table 3.2: Summary of the Gram stain and KOH test conducted on the bacterial 
isolates. In the Gram stain, bluish purple colour indicates Gram-positive and a pink 
indicates Gram-negative. In the KOH test, slimy/viscous and stringy after treatment 
with 3% KOH indicates a Gram-negative bacterium, whereas a watery suspension 
indicates a Gram-positive bacterium. 



 40 

 

                      

           

                        

                       

                

  

Figure 3.9: Growth of bacterial isolates on CVA. Isolate DAR75532, as the standard 
Gram-negative bacterium grew well on CVA and B. subtilis, the standard Gram-positive 
bacterium grew poorly. Isolates 64161L, CBP and 71164-16 grew well on CVA, while 
isolates SUPP, PC397, PC506 and PC507 did not.  

DAR75532 B. subtilis 64161L 

SUPP CBP PC397 

PC506 PC507 71164-16 
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 Following the preliminary screening using the agar well diffusion assay, it was 

assumed that the mode of action of the bacterial antagonists was antibiosis. This was 

based on the evidence of diffusible substances inhibitory to DAR75532 secreted into the 

agar. This assumption was also supported by numerous reports on the production of 

antibiotics by B. subtilis (e.g. Asaka & Shoda, 1996; Tamehiro et al., 2002; 

Leelasuphakul et al., 2008). Additional experiments showed that antibacterial activity 

against DAR75532 was detected in concentrated culture supernatant, but not in cell-free 

culture filtrates. None of the attempts to evaluate the activity of CFCF on solid medium 

was successful in confirming that the mode of action of the bacterial antagonists against 

DAR75532 was through antibiotic activity. This may be due to too little antibiotic 

present to be effective against the target organism, or, the metabolites produced may 

have been inactive against DAR75532.  

Another possibility is that antibiotic activity declined in solid media, or that, the 

technique used to detect antibiotic activity was not sufficiently sensitive. Loss of 

antibiotic activity either through interaction with the gelling agent of medium, 

aggregation or other mechanisms of inactivation was reported by Bonev et al. (2008). 

Ishimaru et al. (1988) also reported difficulties in detecting antibiotic activity of E. 

herbicola using the agar diffusion assay. The experiment conducted to evaluate 

antagonism of DAR75532 in broth culture confirmed that the agar well diffusion assay 

with CFCF was not sufficiently sensitive to detect antibiotic activity. Following growth 

of the antagonist in broth, the antibiotic in the CFCF suppressed multiplication of the 

pathogen in the liquid medium. Isolate 64161L seemed to produce sufficient active 

metabolites in medium with yeast extract and glucose to be effective when diluted 1:4. 

Glucose added to the medium appeared to enhance the antibiotic activity of isolate 

64161L, indicating that nutrient composition influenced the production of antibiotic by 

this antagonist. This supports the results obtained in the preliminary screening where the 

antagonistic activity differed when tested in SPA and NA. It would be of interest to 

examine the influence of carbon source on the production of antibiotics by isolate 

64161L in the future. The effect of various carbon sources on the production of 

antibiotic(s) by Streptomyces antibioticus was studied by Vilches et al. (1990). S. 

antibioticus produces antibiotic more effectively when grown in medium supplemented 

with fructose than other carbon sources, although growth was reported to be optimal in 

medium supplemented with glucose. Glucose and yeast extract, on the other hand, did 

not appear to affect the activity of PC397, although CFCF suppressed the growth of 

DAR75532 only at the high concentration tested.   
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Both isolates 64161L and PC397 produced antibiotic(s) bactericidal to 

DAR75532. This result is not consistent with the bacteriostatic effect found when the 

culture supernatant of isolate 64161L, instead of its cell-free culture filtrate, was 

evaluated on DAR75532 on solid medium using the agar well diffusion assay. It is 

possible that the bactericidal metabolites produced by this isolate were only active in 

liquid medium.  

Another mechanism of biological control was also investigated in this study. Co-

incubation of antagonists and DAR75532 in SPB suggested that competition or another 

form of antagonism may be involved in inhibiting DAR75532, although further work is 

required. This result corresponds to results obtained in the preliminary screening where 

isolates 64161L, SUPP, B. subtilis, PC506, PC507 and PC397 inhibited growth of 

DAR75532 on SPA. Competition is seldom reported for bacterial antagonists of plant 

pathogenic bacteria, but frequently reported by researchers studying biological control 

of postharvest disease (Mari et al., 1996; Bonaterra et al., 2003; Poppe et al., 2003) and 

interactions between bacterial antagonists and soil bacteria. For instance, Pantoea 

agglomerans suppressed the growth of Pseudomonas savastanoi inside the roots of 

olive trees by competing for space and nutrients (Marchi et al., 2006). Another form of 

competition was observed when B. subtilis produced a biosurfactant on Arabidopsis 

roots that protected the plant from infection by P. syringae (Bais et al., 2004).    

Isolates 64161L, 71164-16 and CBP were shown to be Gram-negative while 

SUPP, PC397, PC506 and PC507 were Gram-positive, suggesting that the two isolates 

that inhibited DAR75532 most effectively in vitro were one of each type. Although 

isolate 64161-7 consisted of two colony types (designated 64161D and 64161L), when 

purified, they produced similar inhibition zones against DAR75532, alone or in 

combination, indicating that both isolates efficiently inhibited DAR75532 in vitro.  

Isolate 64161D, likely to be Cedecea sp., may have contaminated the original culture. 

Isolate 64161L, identified as P. tolaasii, P. fluorescens or P. putida, belonging to a 

genus often associated with plants, was assumed to be the original isolate and was used 

in subsequent experiments in this project. Based on Gram reaction, cell size, aerobic 

growth and production of endospores in 14 day-old culture, PC397 was considered 

likely to be a species of Bacillus. 

In summary, isolates 64161L and PC397 were efficient in inhibiting the growth 

of DAR75532 on SPA. Antibacterial activity was more evident on SPA than NA and 
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the mechanisms of antagonism of these isolates appeared to be through antibiotic 

activity and, possibly, competition. CFCF exhibited antibacterial activity in broth 

culture and this seemed to offer a more sensitive detection than the agar diffusion assay. 

Using the broth assay, nutrient composition of the medium was found to influence the 

antibiosis.  
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CHAPTER FOUR 

Colonisation of wood by X. translucens and antagonists 

4.1 Introduction 

Xtp infects the vascular system of pistachio trees. Even though the natural means 

of spread of the pathogen is not known, research has shown that it can become 

established in the plant through pruning wounds and natural wounds such as bud scars 

or damaged roots (Taylor et al., 2005; Sedgley et al., 2006).  The bacterium appears to 

be confined within the xylem tissue, with minimal or no lateral spread, and has been 

isolated mostly from the young sapwood of the main trunk, primary and younger 

branches and current season growth (Facelli et al., 2009).  

In the experiments reported in chapter 3, several bacterial isolates were 

identified as antagonistic to DAR75532 in vitro. However, inhibition of a pathogen in 

vitro does not necessarily indicate the efficacy in planta (Stockwell et al., 1998). In 

natural conditions, the host plant plays an important role in supporting the introduced 

antagonists. It is also necessary for the antagonists to be able to live and grow in the 

vascular tissue of the plant in order to provide long-term protection against the disease 

(Johnson & Stockwell, 1998). Hence, an experimental system involving the pathogen, 

antagonists and host plant was expected to give a more accurate assessment of potential 

for biological control than screening on artificial culture medium.  

Efficacy of biological control of pathogens known to infect plants via 

mechanical or natural wounds is usually assessed by treating the wounds (Ferreira et al., 

1991). For example, suspensions of Eutypa lata (pathogen) and Bacillus subtilis or 

Erwinia herbicola (antagonists) were applied to cuts in the wood of grapevines, and the 

efficacy of the antagonist was evaluated by observing the growth of pathogen in the 

treated wood (Schmidt et al., 2001a). In pistachio, application of Xtp to the wounds 

mimics what would happen when pistachio trees are pruned with contaminated tools 

during routine orchard management operations (Taylor et al., 2005; Sedgley et al., 

2006). Therefore, an approach similar to that reported by Ferreira et al. (1991) and 

Schmidt et al. (2001a) could be useful for studies of biological control of Xtp in 

pistachio. In this chapter, studies of the ability of the bacterial antagonists to colonise 
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pistachio wood and reduce colonisation by Xtp are reported. Experiments undertaken to 

ensure that the pathogen became established in the wood tissue are also reported.  

4.2 Materials and Methods 

4.2.1 Preliminary assessment of colonisation of wood by DAR75532 and 

antagonists 

A method developed by John et al. (2004) with some modifications was used 

initially to assess the ability of the antagonists to reduce colonisation of detached 

pistachio twigs by the pathogen. All antagonists evaluated in the experiments described 

in chapter 3 were used in this experiment. Isolate DAR75532 of the pathogen was used 

to maintain consistency between experiments. Pieces of pistachio twigs (50 mm long 

and 10 to 15 mm diameter) were collected from healthy, un-inoculated grafted trees 

(cultivar Sirora, aged 3 years), growing in the shade-house at Waite Campus, University 

of Adelaide. After removing the bark using a scalpel, the twigs were placed upright into 

McCartney bottles, with the proximal part (i.e. which was closest to the point of 

attachment) immersed in 3 ml of SDW, loosely capped and autoclaved at 121oC for 20 

minutes.   

Suspension of DAR75532 containing 106 CFU/ml was prepared using SDW as 

described in section 2.2. Likewise, suspensions of the antagonists were prepared 

(section 2.2) but the concentration was not determined in this preliminary assessment. 

When the twigs had cooled down to room temperature, 100 µl of suspension of 

DAR75532 was applied aseptically to the upper cut surface (distal end, i.e. which was 

furthest from the point of attachment) of each twig and the lid of the bottle was replaced 

loosely. About half an hour later, the same wound surface was treated with 100 µl of 

antagonist suspension. Each antagonist was evaluated separately.  The experiment was 

replicated five times and excised twigs treated either with pathogen only or antagonist 

only served as controls. The lids were placed on the bottles and the wood segments 

were then incubated in the dark at 28oC for 7 days before assessing colonisation of the 

twig by DAR75532 or the bacterial antagonists, as described below.  
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4.2.2 Assessment of the colonisation of wood by bacteria  

 Colonisation of the pistachio wood segments was assessed by re-isolating both 

the antagonist(s) and the pathogen as follows (John et al., 2005). Each wood segment 

was surface sterilised with 95% ethanol and flamed before cutting discs, about 2 mm 

thick, 1, 2 and 3 cm from the inoculation site. Three to 5 chips were cut from each 

section and transferred to SPA. Plates were then incubated at 28oC in the dark. Plates 

were inspected after 48 hours of incubation and then daily for another 14 days. The 

wood chips were considered to be colonised if any colonies of DAR75532 or 

antagonists grew from them onto the agar. For wood chips treated with both pathogen 

and antagonist, the pathogen and antagonists were monitored by transferring the culture 

grown from the chips onto fresh SPA and colonies of each were distinguished visually. 

4.2.3 Refinement of methods for colonisation of wood by DAR75532 

 Results obtained from the experiment described in section 4.2.1 indicated some 

inconsistency in the recovery of DAR75532 from wood segments inoculated with the 

pathogen alone. Therefore, a method to ensure that DAR75532 was effectively 

introduced into the wood segments needed to be designed. Several modifications were 

made to the concentration of DAR75532 applied, the medium used for preparing 

suspension of DAR75532 and the duration of incubation of DAR75532 in the wood. 

The method for preparing the wood segments before applying the pathogen was also 

adjusted. Experiments to evaluate each factor were conducted separately and each 

treatment was replicated at least four times. 

To determine an appropriate concentration of Xtp for inoculation purpose, 

DAR75532 at concentrations of 107 to 1010 CFU/ml was evaluated, applied at a 

standard volume of 100 µl with SDW for controls (experiment 1). A separate 

experiment (experiment 2) was conducted to test the effect of nutrient supplement on 

the ability of the pathogen to colonise pistachio twigs. Here, DAR75532 was suspended 

in SPB instead of SDW, and concentrations of 108 and 1010 CFU/ml used. Suspensions 

of DAR75532 prepared in SDW were used for comparison. The method of inoculation 

described in section 4.2.1 was used in both the experiments.  

To determine if the method of preparing the wood segments affected the 

recovery of the pathogen, wood segments were inoculated after autoclaving or without 
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being autoclaved beforehand (experiment 3). The bark was left intact or removed, the 

twigs were then surface sterilised by dipping in ethanol and flaming, then were placed 

upright in 3 ml SDW in McCartney bottles. DAR75532 at 106 or 107 CFU/ml prepared 

in SDW, or a loopfull of DAR75532 plus slime scraped directly from a 72-hour-old 

culture grown on SPA was applied on the cut surface. The wood segments were then 

incubated at 28oC for 7 days before re-isolating the pathogen on SPA, as described in 

section 4.2.2.  

The effect of incubation period of DAR75532 on the recovery of the pathogen 

on SPA was also examined (experiment 4). Twigs with the bark removed were placed 

upright in 3 ml SDW and autoclaved. The cut surface of the wood was treated with 100 

µl of DAR75532 at 108 CFU/ml in SPB or one loopfull of bacteria plus slime, then 

incubated in the dark at 28oC before re-isolating the pathogen onto SPA (section 4.2.2). 

Sterile non-absorbent cotton wool was used to close the McCartney bottles to improve 

gas exchange. The incubation periods evaluated were 1, 2, 3, 4 and 5 days.  

4.2.4 Development of vacuum infiltration method for inoculation of pistachio wood  

Application of DAR75532 to the cut surface of pistachio twigs failed to produce 

consistent growth of the pathogen when the wood was dissected and cultured on SPA. 

An alternative method of inoculation, developed in collaboration with Professor Giora 

Kritzman, was used as follows. Suspensions of DAR75532 and the bacterial antagonists 

were infiltrated into the excised pistachio twigs under vacuum using the apparatus 

shown in Figure 4.1. In this experiment, only antagonists 64161L and PC397 were 

evaluated, based on their effectiveness in inhibiting the growth of DAR75532 on SPA 

(section 3.3.1), due to time constraints.  

Suspensions of DAR75532 and the antagonists were prepared from 72-hour old 

cultures grown on SPA. The cultures were flooded with 10 ml of 0.085% sodium 

chloride solution (sterile saline) and the cells were gently suspended using a sterile glass 

spreader. The suspensions were then transferred to sterile 10 ml screw capped 

centrifuge tubes, and 100 µl from each suspension were spread onto SPA, for 

enumeration of CFU. Pistachio twigs, obtained from healthy trees growing in the shade-

house as described in section 4.2.1, were dipped in ethanol and flamed before attaching 

the distal end of the twig onto a plastic tube of 10 mm diameter.  The twig was attached 

firmly to the tube using Parafilm, so that it became airtight to improve suction. The tube 
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was attached to a vacuum pump (HETOSUC®, Scandinavia). The excised twigs were 

then infiltrated with pathogen only, antagonist only, water only (controls), or a 

combination of DAR75532 plus antagonist in a single suspension for about one minute. 

Infiltration of suspension for longer than this would result in bacteria being carried right 

through the wood and might contaminate the tube. The mixed suspension was prepared 

immediately before vacuum infiltration and each treatment was replicated five times. 

After infiltration, twigs were kept in a sterile plastic Petri dish of 90 mm 

diameter, five twigs (each treatment) per plate, sealed with Parafilm, and incubated at 

28oC in the dark. After 10 days, the middle 1 cm section of each twig was cut, weighed 

aseptically and sliced into four pieces before immersing the four pieces in a tube 

containing 9 ml of sterile saline. The tubes were then placed on an orbital shaker at 

3000 rpm and incubated at 28oC for an hour. The suspensions were then serially diluted 

to 10-4 in sterile saline. Aliquots of 100 µl were taken from the diluted suspension and 

spread evenly onto SPA and NA supplemented with cephalexin, ampicillin and 

gentomicin (NA+ab, as described in Appendix 1), one plate of each medium per tube. 

The plates were incubated again at 28oC in the dark. Colonies of DAR75532, 64161L 

and PC397 produced on the two media were distinguished visually and enumerated. The 

weight of the wood chips and number of microbial colonies were used to estimate the 

number of viable cells per gram of wood.  

This experiment was repeated by Professor Giora Kritzman, and colonisation of 

the proximal end of the infiltrated wood, about 1 cm from the inoculation point, and 

distal end about 4.5 cm from inoculation point was also assessed.  The mean values for 

CFU/g of wood were then tested for significant differences by analysis of variance, and 

the least significant difference test was used to compare treatment means at P<0.05.   

4.3 Results 

4.3.1 Preliminary assessment of colonisation of wood by DAR75532 and 

antagonists 

The antagonists were recovered on all replicate plates from all twigs at 1, 2 and 

3 cm from the inoculation site in the negative (antagonist alone) controls. However, 

DAR75532 was not recovered from the positive controls where the pathogen only was 
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applied. Colonies of the antagonists were also recovered from all twigs treated with the 

combination of pathogen and antagonists (Figure 4.2).  

4.3.2 Refinement of methods for colonisation of wood by DAR75532  

The results obtained from the experiments are summarised in Table 4.1. When 

inoculum concentrations of 107 to 1010 CFU/ml of DAR75532 in SDW were evaluated, 

none of the resulting plates showed growth of the pathogen (experiment 1 in table 4.1). 

When DAR75532 inoculum was prepared in SPB, DAR75532 was recovered from 

twigs inoculated with both 108 and 1010 CFU/ml (experiment 2 in table 4.1). However, 

of seven replicate plates, only two and one replicate plates had colonies of DAR75532, 

recovered from twigs treated with 108 and 1010 CFU/ml, respectively. Of these plates, 

only one replicate had evidence of colonisation of DAR75532 at 1, 2 and 3 cm from the 

inoculation site. Where DAR75532 was applied as a suspension in SDW, no 

DAR75532 colonies were observed on any of the plates.   

DAR75532 was recovered from both autoclaved and non-autoclaved twigs 

inoculated with bacterial slime but recovery was not consistent on the replicate plates 

(experiment 3 in table 4.1). Of four replicates of autoclaved wood, only two had growth 

of DAR75532 whereas three replicates of non-autoclaved wood yielded DAR75532. Of 

these replicates, only one non-autoclaved twig was colonised by DAR75532 at all the 

three positions assessed. DAR75532 was also recovered from autoclaved twigs 

inoculated with 108 CFU/ml when harvested after 3 and 5 days of incubation 

(experiment 4 in table 4.1).  However, not all the replicate plates from these treatments 

produced growth of DAR75532. Only three of four replicates (Figure 4.3) and two of 

four replicates from 3 and 5 days of incubation, respectively, had the evidence of 

DAR75532 colonies on SPA plates. Colonisation by DAR75532 up to 3 cm from the 

inoculation site was observed on one replicate plate when the wood segment had been 

incubated for 5 days.   
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Figure 4.1: The apparatus used to infiltrate excised pistachio twigs with DAR75532, 
antagonist, or DAR75532 plus antagonist. The excised twig was surface sterilised with 
95% ethanol and flamed before attaching the distal end to a plastic tube of 10 mm 
diameter. The proximal end was dipped into suspension of DAR75532, antagonist or 
DAR75532 plus antagonist and the vacuum applied for about one minute.   
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Figure 4.2: Example of antagonist recovered from twigs inoculated with DAR75532 
plus isolate CBP following incubation of wood chips on SPA. DAR75532 was prepared 
in SDW and inoculated at 106 CFU/ml onto the cut surface of autoclaved pistachio 
twigs, then suspension of the antagonist CBP was applied to the same wound. After 7 
days of incubation, the wood segment was surface sterilised before cutting discs, 
measured 1, 2 and 3 cm from the inoculation site, into 3 to 5 chips per disc. Each plate 
was divided into three sections (1, 2 and 3) corresponding to the 1, 2 and 3 cm sections 
of the twigs, respectively. Plates were incubated at 28oC in the dark. Colonies of 
pathogen and antagonist were monitored after 48 hours and daily for another 14 days.  
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E Treatment Reps 

Replicate (R) twigs and percentage of 

wood chips colonised by DAR75532 

1 cm 2 cm 3 cm 

1 

10
7
 CFU/ml in SDW 4 0 0 0 

10
8
 CFU/ml in SDW 4 0 0 0 

10
9
 CFU/ml in SDW 4 0 0 0 

10
10

 CFU/ml in SDW 4 0 0 0 
SDW (control) 4 0 0 0 

2 

10
8
 CFU/ml in SPB 7 R2(50) 

 R5(50) 
R5(100) R5(100) 

10
8
 CFU/ml in SDW 7 0 0 0 

10
10

 CFU/ml in SPB 7 R4(40) 0 R4(20) 
10

10
 CFU/ml in SDW 7 0 0 0 

3 

10
6 
CFU/ml in SDW to autoclaved wood 4 0 0 0 

10
6
 CFU/ml in SDW to non-autoclaved wood 4 0 0 0 

10
7
 CFU/ml in SDW to autoclaved wood 4 0 0 0 

10
7
 CFU/ml in SDW to non-autoclaved wood 4 0 0 0 

DAR75532 + slime to autoclaved wood 4 R1(100) 
R4(100) R4(50) R1(20) 

DAR75532 + slime to non-autoclaved wood 4 
R2(50) 

R3(100) 
R4(20) 

R2(20) 
R3(100) R3(100) 

4 

10
8
 CFU/ml in SPB (1 day) 4 0 0 0 

10
8
 CFU/ml in SPB (2 days) 4 0 0 0 

10
8
 CFU/ml in SPB (3 days) 4 

R1(100) 
R2(25) 

R3(100) 

R1(100) 
R3(25) 0 

10
8
 CFU/ml in SPB (4 days) 4 0 0 0 

10
8
 CFU/ml in SPB (5 days) 4 R3(100) 

R4(20) 
R3(20) 
R4(50) 

R3(20) 

DAR75532 + slime (1 day) 4 0 0 0 
DAR75532 + slime (2 days) 4 0 0 0 
DAR75532 + slime (3 days) 4 0 0 0 
DAR75532 + slime (4 days) 4 0 0 0 
DAR75532 + slime (5 days) 4 0 0 0 

 

Table 4.1: Summary of results obtained in four experiments (E1-4) to refine methods 
for inoculation of pistachio twigs by DAR75532. Four factors were investigated; 1: 
different inoculum concentrations prepared in SDW, 2: DAR75532 suspensions 
prepared in SPB and SDW, 3: inoculation of autoclaved and non-autoclaved twigs, and 
4: incubation period of DAR75532, given in brackets. After inoculation with 
DAR75532, wood segments were incubated for 7 days (except in experiment 4) at 28oC 
in the dark, then wood segments were cut at 1, 2 and 3 cm from the inoculation site and 
transferred to SPA. Plates were then incubated at 28oC in the dark. After 48 hours, 
plates were inspected daily for 14 days for growth of DAR75532. Only replicates with a 
positive result are presented, with the percentage of wood chips colonised by 
DAR75532 in the brackets. 
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Figure 4.3: Example of the inconsistent results obtained from the positive (DAR75532 
alone) controls. Suspension of DAR75532 was prepared in SPB and inoculated at 108 
CFU/ml onto the cut surface of autoclaved twigs. After 3 days of incubation at 28oC in 
the dark, the wood segment was surface sterilised before cutting discs, measured 1, 2 
and 3 cm from the inoculation site, into 3 to 5 chips each cm and plated onto SPA. On 
Replicate 1, all discs at 1 and 2 cm from inoculation site were colonised by DAR75532 
and at 3 cm, one disc was contaminated with wood-inhabiting bacteria. On Replicate 2, 
of four discs at 1 cm from inoculation site, only one yielded DAR75532. On Replicate 
3, all discs at 1 cm and one disc at 2 cm from inoculation site were colonised by 
DAR75532.  
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4.3.3 Development of vacuum infiltration method for inoculation of pistachio wood 

 The results from this experiment are summarised in Table 4.2. The initial 

inoculum concentrations determined through the plate-counting technique were 6.1 x 

108 CFU/ml for DAR75532, 2.5 x 108 CFU/ml for 64161L and 6.0 x 109 CFU/ml for 

PC397. For the positive controls where only DAR75532 was applied to the twigs, the 

pathogen was recovered from all replicate plates of SPA and NA+ab. The growth of 

DAR75532 on NA+ab was more obvious and readily detected, whereas on SPA, 

indigenous wood-inhabiting bacteria grew on the plates and obscured colonies of 

DAR75532. Therefore, only colonies of Xtp on NA+ab were counted and the average 

recovery was 6.1 x 106 CFU/g. For the negative controls, where either 64161L or 

PC397 was applied to the twigs, the average recovery of the antagonists was 3.4 x 107 

CFU/g and 5.9 x 107 CFU/g, respectively. The colonies were counted only on SPA as 

neither antagonist grew on NA+ab.  

The recovery of DAR75532 from twigs infiltrated with pathogen plus either one 

of antagonist on NA+ab was significantly less (P<0.05) than that from the positive 

controls. For twigs infiltrated with DAR75532 plus isolate 64161L, the number of 

DAR75532 colonies recovered was 5.1 x 106 CFU/g, whereas on SPA, both DAR75532 

and 64161L were recovered although indigenous wood-inhabiting bacteria also grew. 

From twigs treated with DAR75532 plus PC397, only PC397 was recovered on SPA 

with the average recovery of 1.0 x 107 CFU/g. Neither pathogen nor antagonist was 

recovered on NA+ab. The population density of pathogen recovered from twigs 

infiltrated with DAR75532 plus 64161L was significantly larger than that from twigs 

treated with DAR75532 plus PC357 (P<0.05).  

 Results obtained from the experiment conducted by Professor Giora Kritzman 

are presented in Figure 4.4. DAR75532 was recovered consistently from the positive 

controls, as were the antagonists from the negative controls (not shown). Two-way 

analysis of variance indicated that the population density of DAR75532 recovered from 

the positive controls was significantly higher (at P<0.05) than that recovered from twigs 

treated with pathogen plus 64161L or PC397. However, there was no significant 

difference between the number of DAR75532 colonies recovered from wood treated 

with DAR75532 plus 64161L and DAR75532 plus PC357. The population of pathogen 

recovered from the treatments and positive controls at 1 cm from the inoculation site 

was significantly larger than those recovered at 2.5 and 4.5 cm from the inoculation site.  
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Initial 

inoculum 

concentration 

(CFU/ml) 

Recovery of DAR75532 or antagonists (CFU/g) 

SPA NA + ab 

DAR75532 Antagonist DAR75532 Antagonist 

DAR75532  

(positive control) 
6.1 x 108  NT 6.1 x 106  NT 

64161L  

(negative control) 
2.5 x 108 NT 3.4 x 107 NT 0 

PC397  

(negative control) 
6.0 x 109 NT 5.9 x 107 NT 0 

64161L + 

DAR75532 

(2.5x108) + 
(6.1x108)    5.1 x 106 * 0 

PC397 + 

DAR75532 

(6.0x109) + 
(6.1x108) 0 1.0 x 107 0 * 0 

    LSD=5.3x105  
 

Table 4.2: Recovery of bacteria following vacuum infiltration into detached pistachio 
twigs. DAR75532, antagonists 64161L and PC397, or DAR75532 plus one of the 
antagonist were vacuum-infiltrated into non-autoclaved excised pistachio twigs (5 cm in 
length), five replicates per treatment, before incubating the twigs for 10 days. The 
pathogen and antagonists were recovered from the middle 1 cm of the wood, following 
soaking in 0.085% sodium chloride solution and plating suspensions on SPA and 
NA+ab.  indicates that the pathogen and the antagonist were recovered on the 
medium, but other wood-inhabiting bacteria grew as well. NT (not tested) indicates that 
observation of the particular bacterium was not applicable. All data represent the means 
of five replications. Asterisk (*) indicates mean was significantly different from positive 
control, LSD at P<0.05.  
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Figure 4.4: Pattern of population of DAR75532 recovered from the excised twigs 
infiltrated with DAR75532 (positive control), DAR75532 plus PC397 and DAR75532 
plus 64161L, at 1, 2.5 and 4.5 cm from the inoculation point (proximal end) after 10 
days of incubation at 28oC. Each data point represents one replicate with LSD = 113.5 
at P<0.05. 
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The population declined as sampling was taken further from the inoculation site, 

however, there was no significant difference between the population density of 

DAR75532 recovered at 2.5 and 4.5 cm (P<0.05). When the twigs were cut in half 

longitudinally, staining was evident in wood infiltrated with DAR75532 alone but was 

not observed in twigs infiltrated with SDW (control) or DAR75532 plus PC397 (Figure 

4.5). Twigs infiltrated with DAR75532 plus 64161L were stained only at the proximal 

end.  

4.4 Discussion 

Although the bacterial antagonists could be recovered from the inoculated twigs 

in the preliminary experiment, DAR75532 could not, suggesting that the method based 

on John et al. (2004) was not suitable to examine the colonisation of wood by this 

pathogen. In these conditions, the effect of the antagonist on the colonisation of 

DAR75532 in the wood could not be compared adequately with the positive controls. 

Therefore, considerable time and effort was devoted to developing a method suitable for 

delivering pathogen inoculum into the excised pistachio twigs. The survival and the 

establishment of the pathogen or antagonists in the inoculated wood needed to be 

examined as well.   

As DAR75532 was not recovered from excised twigs inoculated on the cut 

surface with 100 µl of a suspension with less than 108 CFU/ml or when no additional 

nutrients were provided, this suggested that high concentrations of inoculum and 

nutrients may be required to artificially infect wood with DAR75532 in vitro. The 

performance of bacteria as biological agents may be enhanced by modifying the 

formulation, for example, B. subtilis applied in MgSO4 solution supplemented with 

peptone and methylcellulose inhibited colonisation of autoclaved grape wood by E. lata 

more effectively than when applied in the MgSO4 solution alone (Schmidt et al., 

2001b).  

Autoclaving or heat treatment of wood has been shown to affect colonisation of 

wood by microorganisms (Shortle & Cowling, 1978). Autoclaved wood has frequently 

been used in evaluating the efficiency of biological control agents (Schmidt et al., 

2001a; Velmurugan et al., 2009). For example, the inhibition of E. lata by 391 bacterial 

isolates tested was greater in autoclaved excised grape canes than in non-autoclaved 

canes (Munkvold & Marois, 1993).  
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Figure 4.5: Representative twigs infiltrated from the proximal end with (from left) SDW 
(control), DAR75532, DAR75532 plus 64161L and DAR75532 plus PC397. Twigs 
were incubated at 28oC for 10 days then cut in half longitudinally and staining 
examined.  
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Sterilisation of pistachio twigs was used initially to prevent competition from 

indigenous wood-inhabiting bacteria. However, there was no obvious difference 

between autoclaved or non-autoclaved wood in terms of colonisation by DAR75532. 

Non-autoclaved pistachio twigs were used by Sedgley et al. (2006) to study the effect of 

quaternary ammonium bactericide on Xtp. The pathogen was recovered from the top 1 

cm from the inoculation site in the positive controls from wood inoculated with low 

inoculum concentration of 104 CFU/ml (Sedgley et al. 2006), contradicting the finding 

in the present study. The experiment designed to investigate the time required for 

DAR75532 to colonise the twigs was inconclusive.  

In the above-mentioned experiments, the pathogen and antagonists were 

introduced into the wood by applying suspensions onto the distal surface of the excised 

twigs. Although DAR75532 was sometimes recovered from the positive controls, 

variation was observed among replicate plates and there was no clear pattern in the 

length of twig colonised by the pathogen. Therefore, measuring the extent of 

colonisation by cutting the twigs into segments from the inoculation site downwards 

and plating them directly onto SPA seemed insufficient to evaluate colonisation and 

antagonism. Furthermore, this method could not be used to quantify the density of 

pathogen or antagonist cells recovered from the inoculated wood. Sedgley et al. (2006) 

used a slightly different technique for evaluating recovery of the pathogen from 

inoculated excised pistachio wood. Instead of directly plating the inoculated twigs onto 

selective medium, the wood was soaked in SDW overnight, and the resulting 

suspension was then spread on SPA supplemented with Benlate. In addition, Sedgley et 

al. (2006) showed that the movement of Xtp in living, young pistachio trees, detected by 

plating and the production of staining, was more than 50 cm from the inoculation point 

after 1 week. In comparison, P. syringae, the causal organism of canker, moved 3 cm 

from the inoculation site in the stems of young pear trees in 20 days (Whitesides & 

Spotts, 1991). This indicates that Xtp may be able to colonise woody tissues of living 

trees rapidly compared with some other bacterial pathogens of woody plants. Evidently, 

the inoculation of excised twigs in vitro did not reflect the capacity of the bacterium to 

infect and colonise pistachio trees.   

Vacuum infiltration appeared to improve the reliability of inoculation of the 

twigs, even though the two methods of inoculation were not compared directly in the 

present study. This is supported by a study published by Hélias et al. (2000), in which 

vacuum infiltration of E. carotovora, the potato soft-rot pathogen, into seed tubers was 
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more efficient in introducing the pathogen than inoculating via wounds made by 

shaking tubers in infested sand. Plants from tubers infiltrated with pathogen showed 

earlier and more severe symptoms of disease than plants from tubers inoculated on 

wounds. However, vacuum infiltration, especially from the proximal end of the twig, 

will not necessarily reflect the natural means of colonisation of pistachio trees by X. 

translucens pv. pistaciae, hence experiments involving inoculation of living trees are 

required.  

The vacuum infiltration method allowed DAR75532 to be recovered 

consistently from the positive controls, both on SPA and NA+ab. However, only 

colonies grown on NA+ab were enumerated. SPA was heavily contaminated with other 

wood-inhabiting bacteria, but it has the advantage of facilitating the recognition of 

DAR75532, and therefore was used to confirm colonies produced on NA+ab as 

DAR75532 following subculture. The recovery of DAR75532 using this method could 

be improved in future studies by using SPA plus antibiotics to inhibit indigenous wood-

inhabiting bacteria.  

After 10 days of incubation, the population of DAR75532 recovered from the 

positive controls decreased from 6.1 x 108 CFU/ml to 6.1 x 106 CFU/g wood and the 

populations of the antagonists also decreased. However, it is possible that not all viable 

cells of DAR75532 were recovered due to the nature of the wood, so there may be 

limitations in comparing CFU of DAR75532 recovered from wood with CFU applied in 

the inoculum suspension. In future experiments, the amount of suspension infiltrated 

into the wood should be quantified and recovery of bacteria from representative twigs 

should be assessed immediately after inoculation to determine the population per gram 

of wood at time zero. Nevertheless, Stockwell et al. (1998) reported that the detectable 

population of P. fluorescens, an antagonist of the fire blight pathogen, in blossoms of 

apple and pear was between 103 to 106 CFU per blossom after 2 to 8 days of incubation, 

a decline from the inoculum concentration of 108 CFU/ml used in the spray application. 

In contrast, the population density of P. corrugata, an endophyte with potential to 

control Fusarium wilt, increased in the stem tissue of inoculated cotton plants (Chen et 

al., 1995); following inoculation with 103 CFU/ml the population of P. corrugata 

increased to log 6.25 CFU/g stem tissue 3 days after inoculation. In addition, the 

recovery of Xylella fastidiosa, the causal agent of Pierce‟s disease in grapevine, 113 

days after inoculation was influenced by the grape genotype (Fritschi et al., 2007). 

When inoculated with 6 x 108 CFU/ml of X. fastidiosa, the recovery of the pathogen 
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from wood of resistant genotypes was less than 2.1 x 106 cells/g tissue but was 1 x 108 

cells/g in the less resistant genotypes tested. The influence of different genotype of 

pistachio on the recovery rate of DAR75532 or the antagonists was not studied as only 

one scion cultivar is grown commercially in Australia and the main purpose of the 

experiment was to obtain consistent results in the controls. 

The lack of obvious increase in the population of DAR75532 and the antagonists 

in the inoculated pistachio twigs suggested that neither grew well in the wood in the 

conditions tested. This could be due to the orientation of twigs during the infiltration 

process. Suspension of DAR75532 or antagonist was infiltrated from the proximal to 

the distal part of the twig, following the normal transpiration flow of water in the tree 

(Davis et al., 1980). As the pathogen appears to enter via pruning wounds and 

biological control most probably would be applied to living trees via pruning wounds, 

the movement of the bacteria would then be from distal to proximal parts of the tree. 

Therefore, it would be appropriate to repeat the experiment with infiltration from the 

distal to the proximal part of the twig. Another reason could be that the experiment was 

done on excised twigs in vitro rather than on the living tree. As noted above, Sedgley et 

al. (2006) detected Xtp 50 cm from the inoculation point in the living pistachio trees and 

the increase in the population of bacteria after inoculation reported by Chen et al. 

(1995) was observed on live plants, and not on detached plant parts as was done in the 

current study. Plant defence mechanisms might also affect the population of bacteria 

recovered after inoculation. It is well-documented that plants produce antimicrobial 

compounds in response to bacterial invasion. Phytoalexins are produced and the activity 

of oxidase is increased when the plant is infected by bacteria (Smith, 1996).  

For all twigs infiltrated with DAR75532 plus isolate 64161L, DAR75532 was 

recovered on all replicate plates, however, the average population recovered was less 

than in the positive controls, indicating that isolate 64161L reduced colonisation by or 

survival of DAR75532 to a certain degree. DAR75532 was not recovered from twigs 

infiltrated with DAR75532 plus PC397 in the first infiltration experiment, which 

indicated that isolate PC397 reduced colonisation of or survival in the wood by 

DAR75532. These results were further supported by the absence of staining in the 

pathogen alone controls, presumably caused by the response of wood tissue to 

DAR75532.  However, in the second experiment, conducted by Professor Giora 

Kritzman, DAR75532 colonies were recovered from the middle section of one twig 

infiltrated with PC397. It would be of interest to monitor colonisation of or survival by 
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DAR75532 in wood in the presence of PC397, over a period of time, to see if the 

pathogen could be eradicated from excised twigs and, more importantly, from living 

trees.  

In the current experiments, the antagonist was applied before or simultaneously 

with DAR75532. The latter approach did not imitate the field situation where pathogen 

may be established first in the tree or may be introduced at pruning. A preliminary 

experiment was conducted by Professor Giora Kritzman to determine the effect of time 

of application of the antagonist on the efficacy to control DAR75532.  The antagonist 

was infiltrated into excised pistachio twigs 5 days before or 5 days after infiltrating the 

same twig with suspension of DAR75532. After the last inoculation, the twigs were 

incubated for 10 days and the populations of DAR75532 recovered compared. When 

DAR75532 was applied 5 days before the antagonist, and assuming that the average 

populations of DAR75532 recovered from twigs infiltrated with pathogen only was 

100%, the recovery was 94% from twigs infiltrated later with 64161L and 19% with 

PC397. The recovery of DAR75532 was much less when applied 5 days after 

antagonists with 0.06% when 64161L was used and 0.03% when PC397 was used. 

Several studies of Eutypa dieback on grapevine also reported the success of antagonists 

to suppress the growth of pathogen when biological control agents were applied before 

inoculating the wood with pathogen. Schmidt et al., (2001b) applied B. subtilis and E. 

herbicola 2 days before inoculating autoclaved grape wood with E. lata, and Ferreira et 

al. (1991) applied E. lata 4 hours after applying B. subtilis to pruning wounds on 

grapevines. However, these authors did not assess the effect of application of the 

antagonists after the pathogen had established in the plant. Nevertheless, the preliminary 

experiment in the current study, supported by the findings in the grapevine experiments, 

suggested that applying the antagonist before the pathogen may provide some degree of 

protection to the tree. 

In summary, antagonists 64161L and PC397 reduced the population of 

DAR75532 recovered from excised pistachio twigs. Infiltrating the pathogen directly 

into the wood provided a more reliable method of inoculation than placing suspensions 

onto the wound surface. However, the latter method was sufficient to introduce the 

antagonists to the wood. This would be an advantage if the antagonists were to be 

developed further as biological control agents, as it is practical to integrate application 

with the pruning programme. Due to time constraints, the ability of the other six 

bacterial isolates used in the preliminary screening to antagonise DAR75532 in excised 
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twigs was not evaluated, nor the ability of the bacterial antagonists to reduce or prevent 

colonisation of living pistachio trees by Xtp.   
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CHAPTER FIVE 

Effects of peptide BP100 on growth of X. translucens in liquid medium 

5.1 Introduction 

The potential of antimicrobial peptides against microorganisms has been widely 

recognised and studied (see section 1.5.5). In plant protection, a number of 

antimicrobial peptides has been successfully evaluated against bacterial pathogens, 

mainly in vitro (Ferre et al., 2006; Monroc et al., 2006; Oard & Enright, 2006; Badosa 

et al., 2007; Muñoz et al., 2007; Marcos et al., 2008; Badosa et al., 2009). There are 

various methods to measure the sensitivity of a bacterial pathogen to antimicrobial 

agents such as antibiotics and peptides. The method most frequently used in vitro to 

evaluate antimicrobial peptides is the plate-counting method, in which different 

concentrations of peptides are added to pathogen cell suspensions in a suitable liquid 

medium (Giacometti et al., 2000). The effect of peptide on the pathogen is then 

monitored by serial dilution, plating the mixtures and counting the resulting colonies. 

Another method is by using an automated turbidimetric system in which the optical 

density allows the change in biomass present or the population of microorganisms in the 

suspension to be measured over time (Walberg et al., 1996; Sánchez-Gómez et al., 

2008). In this system, theoretically, when light penetrates through a suspension of 

microorganisms, the light is scattered and the amount of scatter is an indication of the 

biomass present in the suspension. Increase in biomass, either as cell size or density, 

increases turbidity. An advantage of the turbidimetric system is that it can be rapid and 

non-destructive (Pijls et al., 1994). A modification of the turbidimetric method was used 

in the experiments reported in this chapter. 

As reported in chapter three, the composition of the growth medium affected the 

antimicrobial activity of the bacterial antagonists. This factor may also affect the 

activity of peptides, and thus an appropriate liquid medium for the determination of the 

peptide activity needed to be determined first. Two liquid media were tested; trypticase 

soy broth (TSB), which was used by Badosa et al. (2007) to assess the antimicrobial 

activity of peptides, and SPB because DAR75532 grows well in this medium. 

In the in vitro screening, DAR75532 sometimes failed to grow on solid medium. 

Although all experiments reported in this chapter required the use of liquid medium, it 
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was considered important to examine the growth pattern of several concentrations of 

DAR75532 in liquid medium, and to select one concentration as the standard for the 

primary experiment. Two other concentrations of DAR75532 were also tested, to 

evaluate the effect of peptide on high and low concentrations of the pathogen.  

The objective of the experiments reported in this chapter was to evaluate the 

effect of different concentrations of the synthetic peptide BP100 (Badosa et al., 2007) 

on the growth of DAR75532.  

5.2 Materials and methods 

5.2.1 Peptide 

Synthetic peptide BP100 was obtained from the University of Girona, Spain 

(Badosa et al., 2007). The amino acid sequence of this peptide is H-KKLFKKILKYL-

NH2 with molecular weight of 1420.87. Stock solutions at 1000 µM were prepared by 

solubilising the lyophilised peptide with SDW and filtering the suspension through a 

sterile 0.22 µm Millipore MF membrane filter (Millex-HA). The stock solutions were 

kept at 5oC until use.  

5.2.2 Microtitre plate preparation, incubation and reading 

Sterile, polypropylene flat-bottomed microtitre plates with 8 rows of 12 wells 

(655161, Greiner bio-one, Germany) were used in all the experiments. The suspensions 

were dispensed with an 8-channel pipettor (Finnpipette®, Thermo Scientific, Finland) 

using aseptic technique. To obtain an even growth of pathogen cells in the wells, 

DAR75532 suspension was dispensed first before adding the liquid medium and the 

peptide. The plates were then sealed with Polyprop-adhesive film to prevent 

contamination and spillage. The microtitre plates were incubated at 28oC with 

continuous shaking at 80 rpm throughout the experiment.  

Optical density (OD) of the bacterial culture was measured at 600 nm with a 

spectrophotometer (SpectraMAX 250, Molecular Devices Ltd, USA). With this device, 

the plastic seal of the microtitre plates needed to be removed during the reading to allow 

accurate measurement of bacterial population in the suspension. This resulted in the loss 

of sterile environment in the corresponding wells, which would affect the accuracy of 
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the result. Therefore, each treatment was replicated by the number of readings that had 

to be taken over time. At each reading time, the plastic seal was removed from the top 

of the wells from which the OD was read, leaving the neighbouring wells sealed and 

protected from contaminants. Immediately before measurement, the plates were agitated 

on a shaker set at 300 revolutions/minute for about 60 seconds to avoid sedimentation in 

the wells.  

5.2.3 Growth performance of DAR75532 from two inoculum concentrations in two 

culture media 

A preliminary experiment was conducted to determine a suitable medium for 

assessment of the peptide. The growth performance of DAR75532 in TSB and SPB 

from two inoculum concentrations (104 and 106 CFU/ml) was monitored. DAR75532 at 

106 CFU/ml was selected for the high concentration because a similar concentration was 

used in earlier experiments and 104 CFU/ml to represent a low concentration of the 

pathogen.  

DAR75532 suspensions were prepared by serial dilution as described in section 

2.2. Forty µl aliquots from each concentration were mixed with 160 µl of either TSB or 

SPB, and each medium mixed with 40 µl SDW was used for controls. Each 

concentration of DAR75532 in each medium was replicated four times with odd-

number columns in two different rows as replicates 1 and 3, even-number columns in 

two different rows as replicates 2 and 4 (Figure 5.1). Treatments were replicated in 

three other microtitre plates and OD was recorded at 12, 14, 16, 18, 20, 36, 38, 40, 42, 

44, 60, 62, 64, 66 and 68 hours, as described in section 5.2.2.  

5.2.4 Growth performance of DAR75532 from different inoculum concentrations 

For this and subsequent experiments, SPB was chosen as DAR75532 grew most 

consistently in this medium (experiment 5.2.3). This preliminary assessment was 

conducted to determine a standard concentration of DAR75532 for use in the primary 

experiments. This was done by assessing the growth performance from seven inoculum 

concentrations of DAR75532 in SPB.  

Suspensions of DAR75532 at the concentrations of 101 to 107 CFU/ml were 

prepared in SDW (as described in section 2.2). Forty µl of each concentration were 
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dispensed into each well, before adding 160 µl SPB. DAR75532 suspension at an initial 

concentration of 107 CFU/ml was assigned to row A, 106 CFU/ml to row B and so on 

(Figure 5.2). Controls consisted of 40 µl SDW in 160 µl SPB. For each reading time, 

each concentration was replicated four times, allowing three reading times per plate. 

Suspensions were distributed in two microtitre plates, so that there were sufficient 

replicates for six measurements. Growth of DAR75532 was assessed by measuring OD 

at 0, 8, 24, 32, 48 and 56 hours as described in section 5.2.2. In this experiment, the first 

OD measurement was taken at 0 hour and not at 12 hours as in the previous experiment 

(section 5.2.3).  

5.2.5 Effect of peptide BP100 on 10
6 

CFU/ml of DAR75532 

The ability of synthetic peptide BP100 to suppress the growth of DAR75532 

was investigated by mixing equal volume of peptide and DAR75532, incubating them 

in SPB at 28oC and monitoring the OD of the resulting suspensions.  

A method modified from Badosa et al. (2007) was applied in this experiment. A 

stock solution of peptide BP100 at 1000 µM (section 5.2.1) was diluted to 25, 50 and 

100 µM in SDW. Twenty µl of each concentration of peptide were mixed with 20 µl of 

DAR75532 suspension at 106 CFU/ml and 160 µl SPB, giving final concentrations of 

peptide of 2.5, 5 and 10 µM. All suspensions were dispensed directly into microtitre 

plates as shown in Figure 5.3. All treatments using the different concentrations of 

peptides were replicated four times. The positive controls were 20 µl DAR75532 

suspension mixed with 20 µl SDW in 160 µl SPB and the negative controls were 

peptide at the above concentrations in SPB. The negative controls were replicated twice 

and the whole experiment was repeated. For each experiment, four plates were prepared 

to allow OD readings to be taken at 0, 16, 18, 20, 22, 24, 40, 42, 44, 46 and 48 hours, as 

described in section 5.2.2.  

To assess the viability of DAR75532 at 48 hours, 100 µl of each suspension 

were taken from each sealed column (columns 9 to 12 of the fourth microtitre plates) 

and spread evenly on SPA. The plates were then incubated at 28oC in the dark and 

monitored daily from 48 hours to 14 days of incubation. Plates with growth of 

DAR75532 growth were considered positive.  
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5.2.6 Effect of peptide BP100 on 10
8 

CFU/ml of DAR75532  

In the above experiment, the peptide at the lowest concentration tested seemed 

to suppress growth of DAR75532 at 106 CFU/ml in SPB, but the bacterium produced 

colonies when transferred to solid medium. The effect of the same concentration of 

peptide on a higher concentration of the pathogen was then examined. An experiment 

similar to the one above was set up, using DAR75532 at 108 CFU/ml and peptide at a 

final concentration of 2.5 µM.  The treatment was replicated four times and the controls 

were replicated twice. OD was recorded as above and aliquots of 100 µl were taken 

from each sealed column (9, 10, 11 and 12) of the fourth microtitre plate, and spread 

evenly on SPA. The plates were then incubated at 28oC in the dark and growth of 

DAR75532 was assessed daily from 48 hours up to 14 days.   

5.2.7 Effect of peptide BP100 on 10
4 

CFU/ml of DAR75532  

To evaluate the effect of peptide BP100 on a lower concentration of DAR75532, 

which might reflect a more natural inoculum dose (Sedgley et al., 2006; Taylor et al., 

2007), a similar experiment was carried out. Due to limited availability of peptide, only 

two concentrations of peptide at 2.5 and 5 µM were assessed against DAR75532 at 104 

CFU/ml. Each treatment was replicated four times and OD was recorded at 0, 16, 24, 40 

and 48 hours. There were four replicates of the positive (DAR75532 alone) and two of 

the negative (peptide alone) controls. A volume of 100 µl was removed at 48 hours 

from columns 9 to 12 of the second microtitre plate and spread evenly on SPA to 

monitor growth of DAR75532, as described above.  

5.2.8 Assessment of peptide BP100 on DAR75532 by plate counting method 

Peptide BP100 was observed to be bactericidal to DAR75532 (106 CFU/ml) at 5 

and 10 µM, and bacteriostatic at 2.5 µM (see section 5.3.3). An experiment based on 

plate counts was carried out to verify the bactericidal activity of peptide BP100 

observed in the previous experiments. An assay adapted from Badosa et al. (2007) was 

used. The effectiveness of the peptide to kill DAR75532 was determined by comparing 

the colony numbers recorded with the untreated control. DAR75532 suspension was 

serially diluted to 106 CFU/ml in SPB (as described in section 2.2).  Peptide BP100 was 

added to the bacterial suspension to give final concentrations of 5 and 10 µM in a total 

volume of 3 ml in a 10 ml sterile centrifuge tube. Controls were bacterial suspension 
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without peptide. The mixed suspensions of DAR75532 and peptide were incubated at 

28oC with continuous shaking for 3 hours. To determine the viability or survival of 

DAR75532 cells, aliquots of 300 µl were removed from the tubes at 30-minute 

intervals, starting at the beginning of the incubation time (0 hour), and diluted 20-fold. 

Aliquots of 100 µl were transferred to SPA and incubated at 28oC. After 48 hours, the 

colony forming units were enumerated. The plates were examined for up to 14 days to 

monitor the bactericidal effect of the peptide. Treatments were replicated four times and 

the whole experiment was repeated.  

5.2.9 Statistical analysis 

Each set of experiments (5.2.3 to 5.2.8) in this study was conducted twice and 

analysed individually but only results from the first experiments are presented as the 

repetition produced a statistically identical outcome. The mean values for OD were then 

tested for significant differences by analysis of variance, and the least significant 

difference test was used to compare treatment means at P<0.05.   

5.3 Results 

5.3.1 Growth performance of DAR75532 from two inoculum concentrations in two 

culture media 

 The growth performance of DAR75532 from inoculum concentrations of 104 

and 106 CFU/ml in SPB and TSB is shown in Figure 5.4. The OD for SDW in both SPB 

and TSB (controls) was almost constant except in SPB after 62 hours of incubation. The 

OD of the SPB controls was higher than that of the TSB controls. Two-way analysis of 

variance indicated that there was significant difference between OD for each time point 

among the treatments (LSD=0.005 at P<0.05). However, there was no difference in the 

growth pattern of DAR75532 from both concentrations. Generally, DAR75532 at both 

inoculum concentrations in SPB generated higher OD readings than in TSB.  At the first 

recording after 12 hours of incubation, the OD was slightly higher in DAR75532 at 

inoculum concentration of 106 CFU/ml than in 104 CFU/ml. The pattern of growth 

curves produced by DAR75532 cells at 104 CFU/ml in both media was similar, but for 

106 CFU/ml of DAR75532, the OD declined after 48 hours of incubation in TSB. Some 

variation occurred among replicate wells, especially in TSB at the longer incubation 

periods (Figure 5.4).  
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 12 hours 14 hours 16 hours 
  1 2 3 4 5 6 7 8 9 10 11 12 
A Empty             
B Empty             
C Control             
D Control             
E 106 CFU/ml             
F 106 CFU/ml             
G 104 CFU/ml             
H 104 CFU/ml             
 

Figure 5.1: Layout of Experiment 5.2.3; growth of DAR75532 from two inoculum 
concentrations in SPB and TSB. TSB was dispensed in columns 1, 2, 5, 6, 9 and 10; the 
rest of the columns received SPB. DAR75532 at initial concentration of 106 CFU/ml 
was assigned to rows E and F; 104 CFU/ml was assigned to rows G and H; controls to 
rows C and D.   OD for columns 1 to 4 was recorded at 12 hours, columns 5 to 8 at 14 
hours and 9 to 12 at 16 hours. At 18, 20 and 36 hours, readings were taken from a 
second microtitre plate, with pattern of data recording similar to the first microtitre 
plate. OD measurements at 38, 40 and 42 hours were taken from a third microtitre plate; 
and 44, 60 and 62 hours from a fourth plate.     
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 0 hours 8 hours 24 hours 
  1 2 3 4 5 6 7 8 9 10 11 12 
  R1 R2 R3 R4 R1 R2 R3 R4 R1 R2 R3 R4 

A 107 CFU/ml             
B 106 CFU/ml             
C 105 CFU/ml             
D 104 CFU/ml             
E 103 CFU/ml             
F 102 CFU/ml             
G 10 CFU/ml             
H Control             
 

Figure 5.2: Layout of Experiment 5.2.4; growth of DAR75532 in SPB from a series of 
inoculum concentrations. Rows A to G each contained DAR75532 at different initial 
concentrations (from 10 to 107 CFU/ml) and the negative controls were assigned in row 
H. OD for columns 1 to 4 was recorded at 0 hour; columns 5 to 8 at 8 hours; 9 to 12 at 
24 hours. At 32, 48 and 56 hours, readings were taken from a second microtitre plate, 
with pattern of data recording similar to the first microtitre plate. R=replicate.   
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  0 hours 16 hours 18 hours 
  1 2 3 4 5 6 7 8 9 10 11 12 
A 100 µM             
B 100 µM             
C 50 µM             
D 50 µM             
E 2.5 µM             
F 2.5 µM             
G SPB             
H SPB             
 

 

Figure 5.3: Layout of Experiment 5.2.5; growth of DAR75532 (at initial inoculum of 
106 CFU/ml) in SPB treated with three concentrations of peptide BP100.  represents 
DAR75532 in SPB (positive controls),  represents peptide in SPB (negative controls). 
Rows A and B, excluding wells marked , were filled with peptide at 100 µM, rows C 
and D with peptide at 50 µM, rows E and F with 25 µM. Rows G and H contained SPB 
only. OD for columns 1 to 4 was recorded at 0 hour; columns 5 to 8 at 16 hours; 
columns 9 to 12 at 18 hours. At 20, 22 and 24 hours, readings were taken from a second 
microtitre plate, with pattern of data recording similar to the first microtitre plate. OD 
measurements at 40, 42 and 44 hours were taken from a third microtitre plate; and 46 
and 48 hours from a fourth plate.      
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5.3.2 Growth performance of DAR75532 from different inoculum concentrations 

The growth performance of DAR75532 from seven inoculum concentrations is 

shown in Figure 5.5. In the un-inoculated SPB, the OD was constant. Generally, 

DAR75532 inoculated into SPB at concentrations above 102 CFU/ml generated a 

typical bacterial growth curve (Figure 5.5). At 102 CFU/ml and below, there was little 

evidence of growth. The duration of the lag phase differed for each inoculum 

concentration, and increased as the initial concentration of cells decreased. The duration 

of the exponential phase was about 32 hours for an initial concentration of 107 CFU/ml, 

and 48 hours when the initial concentration was 106 CFU/ml. When inoculated at 103 to 

105 CFU/ml, DAR75532 cells did not reach the end of the exponential phase before 56 

hours. The highest OD value reached was 0.206 after 32 hours of incubation from an 

initial concentration of 107 CFU/ml. From 106 CFU/ml, DAR75532 reached a 

maximum OD of 0.205 after 48 hours of incubation.  

Even though there is a significant difference between the optical density 

readings for each time point among inoculum concentrations (P<0.05), there was no 

difference in the pattern of growth of DAR75532 at concentrations of 103 CFU/ml and 

above (Figure 5.5). Therefore, to maintain consistency with the previous preliminary 

screening, DAR75532 at 106 CFU/ml was chosen as the standard concentration for the 

primary experiments.   

5.3.3 Effect of peptide BP100 on 10
6 

CFU/ml of DAR75532 

The effect of three concentrations of peptide BP100 on the growth of 

DAR75532 from an initial concentration of 106 CFU/ml is presented in Figure 5.6. The 

growth curve for DAR75532 from this concentration in peptide-free SPB (positive 

control) was similar to that obtained in previous experiments. The highest OD reading 

(0.285) was reached at about 48 hours of incubation. The OD for the un-inoculated 

peptide suspension (negative controls) was almost constant except in 2.5 µM peptide, 

where there was a slight increase in the OD at 18 hours. Peptide BP100 at the three 

concentrations evaluated seemed to suppress the growth of DAR75532 in SPB as OD 

readings over 48 hours were similar to those in the negative controls. The growth of 

DAR75532 was significantly reduced (LSD=0.0034 at P<0.05) by all the three 

concentrations of peptide tested compared with the positive control.   
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When aliquots of bacterial suspension sampled after 48 hours of incubation in 

the presence of BP100 at 2.5 µM were spread on SPA, however, plates were covered 

with lawn of the pathogen, similar to the untreated control (Figure 5.7). For suspensions 

incubated with 5 µM of BP100, only three colonies of DAR75532 were recovered on 

one replicate plate and none on the other three replicates. At the highest concentration 

evaluated (10 µM), 53 colonies of DAR75532 were recovered on one replicate plate 

only.  

5.3.4 Effect of peptide BP100 on 10
8 

CFU/ml of DAR75532 

The effect of peptide BP100 at 2.5 µM on growth of DAR75532 from an initial 

concentration of 108 CFU/ml in SPB is shown in Figure 5.8. Untreated DAR75532 

produced a growth curve similar to a typical bacterial growth curve. The OD reading 

obtained from un-inoculated peptide in SPB was constant. Although there was a 

significant difference between the OD for each time point between the treatment and 

positive control (LSD=0.0041 at P<0.05), there was no overall difference in the pattern 

of growth of DAR75532 treated with 2.5 µM peptide and in un-treated DAR75532. 

Initially, the peptide appeared to delay the growth of DAR75532 but, after 22 hours of 

incubation, the combination of DAR75532 and 2.5 µM peptide exhibited higher OD 

readings (P<0.05) than the untreated control (DAR75532 in SPB). When aliquots were 

spread on SPA after 48 hours of incubation, a lawn of pathogen was observed on all 

replicate plates, but was not as dense as in the positive controls (Figure 5.9).  

5.3.5 Effect of peptide BP100 on 10
4 

CFU/ml of DAR75532 

 The effect of peptide BP100 at 2.5 µM on growth of DAR75532 from an initial 

concentration of 104 CFU/ml in SPB is shown in Figure 5.10. The pattern of growth 

curve generated by untreated DAR75532 from an initial concentration of 104 CFU/ml 

was similar to that obtained in experiment 5.3.2. Un-inoculated peptide at both 2.5 and 

5 µM produced constant OD readings. Peptide at both concentrations evaluated 

suppressed growth of DAR75532 in the liquid medium compared with the positive 

control (LSD=0.0033 at P<0.05). After incubation for 40 hours, the combination of 

DAR75532 and 2.5 µM peptide gave a slight increase in OD value, but declined again 

at 48 hours. When sampled at 48 hours of incubation, there was no growth of 

DAR75532 on SPA following exposure to 5 µM peptide, whereas at 2.5 µM peptide, 
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DAR75532 colonies were recovered from two of the four replicates, but the number of 

colonies were very much less than in the positive control (Figure 5.11).  

5.3.6 Assessment of peptide BP100 on DAR75532 by plate counting method  

The bactericidal activity of peptide BP100 at 5 and 10 µM on the growth of 

DAR75532 from 106 CFU/ml is illustrated in Figure 5.12. Peptide at different 

concentrations had different effects on the growth of DAR75532. Over time, 10 µM 

peptide killed DAR75532 cells faster than at 5 µM. At 3 hours of incubation, 10 µM 

killed 97% of DAR75532, and 5 µM killed about 77% of cells. Peptide at both 

concentrations started to kill DAR75532 cells the moment it was applied to DAR75532 

suspensions. Immediately after inoculation, peptide at 5 µM killed about 53% of 

DAR75532 cells and the percentage of cell mortality was about 62% when 10 µM was 

applied (Figure 5.12). This percentage was obtained by comparing the colony numbers 

produced by the treated suspensions and the untreated control.  

5.4 Discussion 

In the absence of peptide BP100, cultures of DAR75532 inoculated into SPB or 

TSB generally resulted in a typical bacterial growth curve. Generally, there are four 

stages distinguished in the typical bacterial growth curve (Swinnen et al., 2004), 

beginning with the lag phase immediately after inoculation of cells into fresh medium.  

Second is the exponential stage where the bacterial cells undergo binary fission and the 

population doubles in number every generation time. In the third stage, the stationary 

stage, the bacteria do not multiply any more and at the final stage the cells die or 

undergo lysis. In the current study, growth of DAR75532 was compared with an un-

inoculated SPB control. The OD readings for the controls were more or less constant 

throughout the period of incubation, indicating that contamination was unlikely to have 

occurred. The small increase in the OD value for the SPB control at 62 hours in 

experiment 5.3.1 is considered more likely to reflect operator error than microbial 

contamination. 
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Figure 5.4: Growth curve of DAR75532 from inoculum concentrations of 104 and 106 
CFU/ml in SPB and TSB, assessed by OD measurements at 600 nm over time. Controls 
comprised SDW in either SPB or TSB.  Each point is the mean of four replicates ± SE. 
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Figure 5.5: Growth curve of DAR75532 from different inoculum concentrations (from 
10 to 107 CFU/ml) in SPB, in terms of OD at 600 nm. The control comprised SDW in 
SPB. Each point is the mean of four replicates ± SE.  

 



 78 

 

 

 

 

 

Figure 5.6: Effect of peptide BP100 at three concentrations (2.5, 5 and 10 µM) on 
growth of DAR75532 in SPB from an initial concentration of 106 CFU/ml, assessed by 
OD at 600 nm. The positive control comprised DAR75532 in SPB, and negative 
controls were un-inoculated peptide BP100 at the three different concentrations in SPB. 
Each point is the mean of four replicates ± SE, in the treatments and positive controls. 
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                               (c)                                                                 (d) 

Figure 5.7: Effect of peptide BP100 at three concentrations on DAR75532 (from an 
initial concentration of 106 CFU/ml) assessed by plating after 48 hours of incubation in 
SPB. Aliquots of 100 µl were sampled and spread on SPA. (a) Untreated DAR75532 
(positive control), plates from all replicates were covered with a lawn of DAR75532; 
(b) DAR75532 treated with 2.5 µM peptide, plates from all replicates were covered with 
a lawn of DAR75532; (c) DAR75532 treated with 5 µM peptide, three colonies of 
DAR75532 were recovered on one replicate plate; (d) DAR75532 treated with 10 µM 
peptide, 53 colonies of DAR75532 were recovered on one replicate plate.   
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Figure 5.8: Effect of peptide BP100 at 2.5 µM on the growth of DAR75532 in SPB 
from an initial concentration of 108 CFU/ml, assessed by OD at 600 nm. The positive 
control comprised untreated DAR75532 at 108 CFU/ml in SPB, and  the negative 
control was un-inoculated peptide BP100 at 2.5 µM in SPB. Each point is the mean of 
four replicates ± SE in the treatment and positive controls. 
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(a)                                                                    (b) 

Figure 5.9: Effect of peptide BP100 at 2.5 µM on DAR75532 (from an initial 
concentration of 108 CFU/ml), assessed by plating, after 48 hours of incubation in SPB. 
Aliquots of 100 µl were sampled and spread on SPA. (a) Untreated DAR75532 
(positive control), plates from all replicates were covered with a lawn of DAR75532; 
(b) DAR75532 treated with 2.5 µM peptide, a lawn of  DAR75532 grew on all replicate 
plates.   
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Figure 5.10: Effect of peptide at 2.5 and 5 µM on the growth of DAR75532 from an 
initial concentration of 104 CFU/ml, assessed by OD at 600 nm. The positive control 
comprised untreated DAR75532 at 104 CFU/ml in SPB, and the negative control was 
un-inoculated peptide BP100 at 2.5 and 5 µM in SPB. Each point is the mean of four 
replicates ± SE in the treatments and positive controls, and two replicates ± SE in the 
negative controls. 
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Figure 5.11: Effect of peptide BP100 at 2.5 and 5 µM on DAR75532 (from an initial 
concentration of 104 CFU/ml), assessed by plating, after 48 hours of incubation in SPB. 
Aliquots of 100 µl were sampled and spread on SPA (a) Untreated DAR75532 (positive 
control), plates from three replicates were covered with a lawn of DAR75532 and 
contamination occurred in the fourth replicate (bottom right), (b) DAR75532 treated 
with 2.5 µM peptide, DAR75532 colonies were recovered on two replicate plates, (c) 
DAR75532 treated with 5 µM peptide, DAR75532 was not recovered.   

(a) (b) 

(c) 
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Figure 5.12: Number of DAR75532 colonies produced on SPA when mixed with 5 and 
10 µM peptide BP100, and incubated for 180 minutes. Each point is the mean of four 
replicates  ± SE. 
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DAR75532 grown in the two culture media resulted in different OD values over 

time. The OD for DAR75532 grown in SPB was generally higher than for cultures in 

TSB. This was the case for the un-inoculated media also, SPB being more viscous and 

therefore more optically dense than TSB. DAR75532 from both initial concentrations 

seemed to grow better in SPB than in TSB, especially as the culture aged; the OD 

readings for DAR75532 grown in TSB inoculated with 106 CFU/ml declined rapidly 

after a short stationary phase. These observations suggested that the nutrient 

composition of the liquid medium affected the growth of DAR75532, particularly in the 

later stages of growth, and led to the selection of SPB for subsequent experiments.  

The duration of the lag phase differed for each inoculum concentration of 

DAR75532 tested in SPB. Initial concentration and other factors such as incubation 

temperature and condition of the cells (that is, whether the cells are injured or not) are 

known to influence the growth of other bacteria (Swinnen  et al., 2004).  At high initial 

cell density, DAR75532 adapted and multiplied rapidly whereas at lower initial 

concentrations, the pathogen cells seemed to take longer to initiate multiplication. The 

composition of the medium is believed to contribute to this phenomenon (Haapalainen 

et al., 2000), although the composition of SPB and TSB did not seem to affect growth 

of DAR75532 as observed in experiment 5.3.1, where the duration of the exponential 

phase was similar in both media.  DAR75532 cells reached death phase earlier when the 

initial concentration was high. This observation can only be applied to DAR75532 at 

107 and 106 CFU/ml as readings for cultures initiated from other concentrations ceased 

before the cultures reached the stationary phase. OD measurements at longer than 56 

hours for all initial concentrations tested would be useful for comparison of the growth 

curves of DAR75532. The culture initiated from 10 and 102 CFU/ml did not seem to 

grow during the incubation period. It is possible that DAR75532 cells were not 

identically distributed in each well, and at this concentration, very few cells (four for 

102 and 0.4 for 101) would be distributed into each well, and some wells may not have 

received cells at all. In those wells that receive bacteria, the multiplication of individual 

cell depends on other bacterial cells by communicating with each other and release 

hormones or pheromones for growth (Kaprelyants & Kell, 1996), and the cells may 

require longer than 56 hours to grow to a detectable concentration. However, different 

isolates of Xtp may have different growth patterns and variation within the pathovar 

should be evaluated.      
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Overall, the addition of BP100 to cultures of DAR75532 in SPB inhibited the 

growth of the pathogen. This finding is in agreement with the report by Badosa et al. 

(2007) that BP100 inhibited the growth of the plant pathogenic bacteria, X. axonopodis, 

E. amylovora and P. syringae. The antibacterial effect of this peptide on DAR75532 

was influenced by the initial inoculum concentration of the pathogen. In the present 

study, BP100 at 2.5 µM was sufficient to suppress the growth of DAR75532 from initial 

concentrations of 104 and 106 CFU/ml, but insufficient when the initial concentration 

was 108 CFU/ml.  Badosa et al. (2007) also reported that BP100 at a range of 5.0 to 7.5 

µM exhibited antibacterial activity against X. axonopodis, although the initial 

concentration of the pathogen was not specifically mentioned in their work. So far, the 

influence of inoculum concentration on the efficacy of peptides has not been reported 

but the effect of the fungicide ketoconazole on the yeast Candida albicans was reported 

to be inoculum-dependent (Stevens, 1984), as was the effect of the antibiotic 

metronidazole on the human pathogen Helicobacter pylori (Hartzen et al., 1997). In 

addition to the inoculum concentration, the antimicrobial activity of peptides may also 

be affected by the medium used (Hartzen et al., 1997; Badosa et al., 2009). However, 

this factor was not investigated in these experiments. Other incubation factors, such as 

pH and temperature, could also influence the activity of BP100 and these should be 

considered in future research.  

The effect of peptide BP100 on DAR75532, monitored through 

spectrophotometer readings, suggested that all peptide concentrations evaluated 

inhibited the growth of DAR75532 from inoculum of 106 CFU/ml. But when aliquots 

treated with 2.5 µM were transferred to SPA, growth of DAR75532 was evident on the 

plates. Therefore, at this concentration of DAR75532, BP100 at 2.5 µM seemed to have 

a bacteriostatic effect on the pathogen cells. However, the effect was bactericidal when 

these suspensions were treated with higher concentrations of the peptide. BP100 at 5 

µM was bactericidal when the inoculum concentration of DAR75532 was 104 CFU/ml. 

In the plate-count experiment, the bactericidal effect of BP100, as loss of viability, was 

observed as soon as the cells were exposed to the peptide. Within 30 minutes of 

incubation, the mortality of DAR75532 was 68% when treated with 5 µM peptide. At 

the same concentration of BP100, 99% of X. axonopodis cells were killed within 30 

minutes of incubation (Badosa et al., 2007). This indicated that DAR75532 was less 

sensitive to BP100 than X. axonopodis, however, the two species would need to be 

compared in the same experiment before any conclusions can be made. Furthermore, 

isolates of Xtp may differ in response to BP100 so a range of isolates should be 
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compared. Bactericidal activity is preferable to bacteriostatic activity as a control 

strategy as the effect of the former persists for longer after application of the 

antimicrobial agent (Montesinos & Bardají, 2008). 

Minimum Inhibitory Concentration (MIC) is the lowest concentration of an 

antimicrobial compound, such as a peptide, which inhibits the growth of the test 

microorganism (Lehtinen et al., 2006; Sánchez-Gómez et al., 2008). It is commonly 

used to quantify the efficacy of peptides. Although the MIC of peptide BP100 to inhibit 

DAR75532 at 104 and 106 CFU/ml in the current study was in the range of 2.5 to 10 

µM, the MIC needs to be determined more precisely by testing a wider range of peptide 

concentrations. However, the differences in efficacy observed here suggested that MIC 

is dependent on the inoculum concentration, so this needs to be considered. 

As well as MIC, minimal bactericidal concentration (MBC) is also used to 

measure the response of target pathogen cells to antibacterial agents such as peptides or 

antibiotics. MBC is defined as the lowest concentration of a peptide, drug or antibiotic 

concentration that kills 99.9% of the initial inoculum (Tam et al., 2005; Lehtinen et al., 

2006; Sánchez-Gómez et al., 2008).  It is normally determined by the plate-count 

technique. In the experiments conducted in the present study, the bactericidal effect of 

BP100 on DAR75532 was clearly demonstrated by the reduction in the percentage of 

viable cells. The MBC against DAR75532 at 106 CFU/ml estimated from this 

experiment was 10 µM, even though at this concentration, the peptide killed only 97% 

of the bacteria. The experiment should be repeated with a range of peptide 

concentrations around 10 µM and various concentrations of DAR75532 to determine 

the conditions required to achieve 99.9% mortality of the bacterial population.   

The precise mode of action of peptide BP100 against DAR75532 was not 

investigated in this study. Generally, peptides are thought to inhibit growth of Gram-

negative bacteria by binding to lipopolysaccharide which is present in the outer 

membrane and penetrating or disrupting the cell membrane (Andrä et al., 2006). This 

mechanism was also reported by Badosa et al. (2007) in their study on the effect of 

BP100 on X. axonopodis, E. amylovora and P. syringae. Other peptides, such as PEP3, 

exhibited a similar mechanism when evaluated on the same three species (Ferre et al., 

2006). However, most research on this topic has focused on medically important 

bacteria. For example Park et al. (1998) examined the mode of action of peptides on 

Escherichia coli immediately after cell membrane disruption. The peptides evaluated 
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were labelled with fluorescein isothiocyanate and their effect on E. coli examined using 

a confocal laser scanning microscope. The results suggested that the peptide buforin II 

affected the growth of E. coli by penetrating the cell membrane and binding to the DNA 

and RNA of the target cells. To facilitate membrane binding and disruption, peptides 

need to have the ability to adopt amphipathic conformation once they interact with 

bacterial membranes. This is influenced by the composition and arrangement of the acid 

amino sequence of the peptides (Montesinos & Bardají, 2008). The acid amino 

sequence of BP100, H-KKLFKKILKYL-NH2, and the N-terminal derivatisation are 

thought to increase the antimicrobial activity against the Gram-negative bacteria such as 

X. axonopodis pv. vesicatoria (Badosa et al., 2007), compared with other peptides.  

The composition of the microtitre plates used to assess the effect of peptides on 

target microorganisms may also affect the efficacy of a peptide. The antimicrobial 

activity of cationic peptides, such as buforin II, cecropin PI, indolicidin, magainin II, 

nisin, ranalexin and amikacin against E. coli, Staphylococcuc aureus and Pseudomonas 

aeruginosa was reported to be higher when treated cells were incubated in 

polypropylene than in polystyrene tubes (Giacometti et al., 2000). In contrast, Sánchez-

Gómez et al. (2008) found that the composition of the microtitre plates (polypropylene 

or polystyrene) did not significantly affect the MIC or MBC of peptides P4, P11, P43, 

P44, P49, P50 and P55 against the growth of Gram-negative pathogens such as E. coli, 

P. aeruginosa and Bordetella bronchiseptica. In the current work, the composition of 

microtitre plate used was polypropylene, but its influence on activity of BP100 was not 

examined and thus might be of interest to include in future research.   

The conventional approach to examining the effect of a peptide on bacterial 

growth, this is the plate-counting technique, is time-consuming, laborious and costly. In 

the experiments conducted here, the plate-counting technique was found to be useful 

and reliable when determining the bactericidal effect of the peptide on the target 

pathogen. Although the turbidimetric technique is easier to use, fast and can be non-

destructive, it also involves a high initial cost to purchase the equipment and for 

maintenance of the equipment. In the current study, the advantages and disadvantages 

of using these two methods were not examined in detail. A comparison of the two 

approaches on a range of bacteria would be useful to determine the most suitable 

method.  
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In conclusion, peptide BP100 inhibited the growth of DAR75532 in SPB in the 

range of 2.5 to 10 µM. The bacteriostatic or bactericidal activity of this peptide was 

affected by the incubation time, the initial inoculum concentration of pathogen cells 

used and also the concentrations of peptide used.  
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CHAPTER SIX 

General discussion 

Of the eight isolates examined in this study, 64161-7, PC397, PC506, PC507, B. 

subtilis and SUPP demonstrated potential to inhibit the growth of DAR75532 in vitro. 

Except for B. subtilis, the other bacterial isolates used were obtained from pistachio 

trees. Further studies of the possible mode of antagonism by the two most promising 

isolates, 64161L and PC397, suggested that they produced antibacterial metabolites in 

liquid medium, and that they may have competed with the pathogen. The antibacterial 

activity of the two isolates studied was affected by the composition of culture medium. 

When the bacterial isolates were introduced individually to autoclaved excised pistachio 

twigs by inoculating suspension onto the cut surface, they demonstrated ability to 

colonise the wood. However, attempts to introduce the pathogen using the same 

technique failed and led to the development of a vacuum infiltration technique. 

Inoculum of isolates DAR75532, 64161L and PC397 was successfully introduced into 

the wood using vacuum infiltration, but the populations appeared to decline after 10 

days of incubation. Simultaneous infiltration of the pathogen plus 64161L or PC397 

showed that PC397 was more effective than 64161L at reducing colonisation of twigs 

by the pathogen. In the second part of the current study, peptide BP100 suppressed 

growth of DAR75532 in liquid medium. The effect was either bacteriostatic or 

bactericidal and appeared to vary with concentration of pathogen inoculum and the 

peptide concentration.  

Carbon sources were observed to influence the antibiotic activity of the two 

most promising antagonists in liquid medium. As the use of single sugars and starch as 

carbon sources in the current experiments may not represent the natural sources of 

carbon in pistachio trees, it would be appropriate to repeat the experiment using 

carbohydrates naturally present in pistachio wood. However, there is little information 

in the literature regarding the availability of carbohydrates in pistachio trees. Most such 

studies, to date, have focused on the uptake of macronutrients into the tree (Brown et 

al., 1995; Rosecrance et al., 1996). The survival of the antagonists in the tree might not 

be of great concern as they were originally isolated from pistachio, but nutrient factors 

may affect their ability to produce antibiotics or otherwise antagonise DAR75532 and, 

subsequently, to reduce the population of the pathogen in the tree. Being an alternate 

bearing plant, the amount of macronutrient and storage and mobilisation of 
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carbohydrate (composition not defined) in the tree varies during the „on‟ and „off‟ 

cycles (Spann et al., 2008b). In a heavy cropping (on-crop) year, accumulation of starch 

in the branches of mature pistachio trees is reduced by 90% (Rosecrance et al., 1998) 

and most carbohydrate in the branches is mobilised for nut development (Spann et al., 

2008b). As the nutrients are stored during the „off‟ year, it might be better to apply an 

antagonist during this period to facilitate colonisation and survival in the tree.  

The simultaneous application of pathogen and the antagonist 64161L or PC397 

demonstrated the ability of the antagonist to reduce the colonisation of wood by 

DAR75532. However, preliminary results indicate that the efficacy of these antagonists 

improved if inoculated 6 days before the pathogen, suggesting that the antagonists were 

more effective at preventing colonisation than eradicating the pathogen from wood. 

Various strains of pathogen may produce different response to biological control agents 

(Jensen et al., 2007). As such, it is important to establish the efficacy of the antagonists 

against other strains of Xtp and evaluation should also be conducted in living trees. 

Once these factors are assessed, then other aspects of biological control, such as the 

combination effect and formulation required, might be investigated. 

As the antagonists survived in pistachio wood following application to the 

wound surface, they could be applied during the routine pruning programme of 

pistachio orchards. However, once applied onto the wound, the antagonist(s) would be 

exposed to UV light and to changes in the surrounding orchard environment, such as 

fluctuations in relative humidity, and thus the population might decline before cells can 

penetrate the thin layer of the wounded surface (O‟Brien & Lindow, 1989). Therefore, 

formulation of inoculum of these bacterial antagonists should be considered prior to 

their application to wounds on tree. Application of inoculum of P. fluorescens that had 

been freeze-dried and resuspended in water allowed better establishment of populations 

in pear and apple blossoms than did suspensions of cells prepared from cultures 

growing actively on artificial media (Stockwell et al., 1998). Because bacteria cells 

from freeze-dried inoculum were prepared through lyophilisation process and exposed 

to more stress, they may have been more tolerant of dry conditions than the fresh cells 

(Potts, 1994). Prolonged conducive conditions, such as high humidity, may improve the 

establishment of bacteria, inoculated as fresh cells, in plants. However, such conditions 

occur infrequently in the regions of Australia where pistachio is cultivated 

commercially.  
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The bacterial antagonists in the current study were evaluated as single isolates 

on artificial medium and in wood. When evaluated in combination, these isolates might 

produce different efficacy towards inhibiting Xtp. The isolates also may be incompatible 

with one another. Therefore, the possible complementary or other effects of combining 

the antagonists should be considered. A mixture of biological control agents which 

antagonise the pathogen via multiple mechanisms may be more useful and effective 

than single isolates in suppression of disease. For example, the efficacy of LS213 (a 

product containing B. subtilis, B. amyloliquefaciens and chitosan) to suppress Fusarium 

wilt in tomato planted in the greenhouse was enhanced by combining the product with 

an isolate of P. fluorescens (Domenech et al., 2006). The different mode of antagonism, 

through production of siderophores, exhibited by P. fluorescens improved the beneficial 

effect of the product. Similar benefit might also occur if antagonists in the present study 

were shown to be compatible when used in combination. 

In view of the increasing interest and research about peptides in plant protection, 

the use of a peptide as an alternative to the microbial antagonists for control of Xtp was 

examined. The potential of peptide BP100 to inhibit the growth of DAR75532 was 

demonstrated in vitro. The minimum inhibitory concentration for peptide BP100 against 

Xtp and its effect on various isolates of pathogen remain to be determined. To further 

improve our understanding of this peptide, its ability to prevent infection or eradicate 

the pathogen from infected trees should also be investigated. BP100 and five other 

peptides were tested for their ability to reduce infection of detached flowers of pear and 

apple by the fire blight pathogen Erwinia amylovora (Badosa et al., 2007). One hour 

prior to treatment of the flowers with E. amylovora, peptides (10 µl of 100 or 200 µM) 

were applied separately. After 5 days of incubation at high relative humidity, four of the 

peptides were found to reduce the severity of disease, and BP100 was the most 

effective, reducing disease severity on apple flowers by 63% and on pear flowers by 

74%. The use of BP100 in field trials has not yet been reported. To evaluate the efficacy 

of BP100 in reducing infection of pistachio by Xtp, an assay involving infiltrating the 

peptide into excised pistachio twigs, similar to that used in this study to assess the 

bacterial antagonists, could be conducted. In addition, possible phytotoxic effects of 

BP100 on pistachio must also be assessed. Although the effect of BP100 on plant cells 

has not been investigated, the peptide at 50 µM caused haemolysis of 3% of human red 

blood cells, and 22% when 150 µM was tested, showing a low toxicity to animals 

(Badosa et al., 2007). 
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In addition to research on microbial antagonist and peptides, further studies of 

the ability of the pathogen to infect and express symptoms on trees should be 

conducted. As inoculum of DAR75532 below than 102 CFU/ml did not multiply over 

48 hours of incubation in liquid medium, then the question of the minimum amount of 

inoculum needed for the pathogen to initiate infection in trees must be addressed. The 

interaction between amount of pathogen inoculum and infection of the host is 

acknowledged to be difficult to study as the host variety or cultivar, various aspects of 

plant health and growth conditions affect the progress of disease in the plant (Birch, 

2001). However, this interaction has been indirectly investigated by Sedgley et al. 

(2006). While examining the efficacy of quaternary ammonium bactericide on Xtp, the 

authors observed that, in control treatments, inoculum of 10 µl of Xtp at 104 to 105 

CFU/ml failed to initiate infection consistently on the treated trees.  Subsequently, Xtp 

at low concentration of 10 to 103 cells/ml was detected by quantitative PCR in wood 

samples obtained from asymptomatic pistachio trees (Scott et al., 2009). As Xtp was not 

isolated from some samples shown to be weakly positive by PCR, this suggested that 

the pathogen could be present at low levels, multiply and express disease symptoms 

when the conditions are conducive. Bacteria cells communicate with each other through 

quorum sensing, and the cells activate specific gene expression in response to changes 

in the environment (Swift et al., 1996). The most common protein inducer produced by 

the Gram-negative bacteria, N-acyl-homoserine lactones (AHL), increases as the 

bacterial population increases, and this will activate certain protein through quorum 

sensing, leading to the expression of disease (He & Zhang, 2008). Furthermore, the 

minimal infective dose, as discussed above, might vary with age of the inoculum and 

with different isolates of Xtp.  

Once an effective agent(s), either bacteria or peptide, has been identified in 

vitro, the next step would be to test their efficacy on living pistachio trees in the shade-

house or greenhouse and, ultimately, in the field. The most common problem reported 

in the development of biological control agent(s) is the inconsistency of disease 

suppression in field trials. Many factors can influence the efficacy of biological control 

agents in field, such as climate condition and plant species or cultivar (Jacobsen et al., 

2004). In the case of pistachio, it also involves the physiology of the tree associated 

with the alternate bearing. Encouraging and consistent results in field trials would be 

followed by the development of an appropriate formulation of the biological control 

agent. The final stage of this process would be the registration of the biological control 

agents with the Australian Pesticides and Veterinary Medicines Authority. Registration 
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requires information about the specificity and ability of the microorganism to reproduce 

in the environment (Anonymous, 2005). Since peptide is not a living microorganism 

and has high specificity for bacteria or eukaryotic cells (Glukhov et al., 2005), it might 

be easier to register for commercial use against bacterial plant pathogens than the 

bacterial antagonists.  

In conclusion, information about the potential of bacteria and peptide BP100 

was generated during the study. The further research suggested above may provide the 

extra knowledge required to integrate this approach into a management strategy for 

pistachio dieback. 
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APPENDIX 1 

Culture media used in the experiments 

Sucrose Peptone Agar (Moffett & Croft, 1983) 

Sucrose    20 g 

Bacteriological peptone  5 g 

Potassium phosphate   0.5 g 

Magnesium sulphate   0.25 g 

Distilled water    1 litre 

Agar (Oxoid Technical Agar No 3) 14 g 

pH was adjusted to 7.4 with pH meter (Oakton®, Extech Equipment Pty. Ltd., Australia) 
before autoclaving 

 

Nutrient Agar + Antibiotics (Vu Thanh, pers. comm., 2009) 

Nutrient broth  (Oxoid)  5.2 g 

Agar (Oxoid Technical Agar No 3) 5.6 g 

Distilled water    400 ml 

The following antibiotics were added once the medium had cooled to 50oC after 
autoclaving: 

1 ml of Cephalexin  

0.5 ml of Ampicillin  

0.28 ml of Gentomycin  

Preparation of antibiotic stock solutions 

Cephalexin (10 mg/L): Dissolve 0.25 g Cephalexin Hydrate (Sigma-Aldrich) in 
25 ml of 75% ethanol. 

Ampicillin (1 mg/L): Dissolve 0.02 g of Ampicillin (Sigma-Aldrich) in 10 ml 
sterile distilled water 

Gentomicin (1.4 mg/L): Dissolve 0.05 g Gentomycin in 10 ml sterile distilled 
water 
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